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ABSTRACT*
S orcerer 's  Apprentice is  an in teractive  computer graphics system 
u t iliz in g  a head-mounted display and a three-dimensional wand. The 
system allows three-dimensional in teraction  with lin e  drawings which 
are displayed in real time, that is  about 20 frames per second. The 
d isp lay , worn lik e  a pair o f  eyeglasses, g ives an illu s io n  to the 
observer that he is  surrounded by three-dim ensional, computer-generated 
o b je cts . The observer 's  view is  continuously modified to compensate 
for  h is motion, allowing the ob je cts  to appear stationary as he walks 
among them. A hand-held wand le ts  the observer in teract with the 
ob jects  by "touching" them, moving them, changing th eir shapes, or 
jo in ing  them together. With the wand the observer can a lso create new 
o b jects  and add to ex istin g  ones.
The major a c t iv ity  described here dealt with communication from 
the observer to the computer. Problems inherent to th is  communication 
such as sending commands to the computer in a simple yet expandable 
manner, sensing when the wand is  "touching" an ob je c t , and real time 
processing o f  a changing data base have been solved. In the solutions 
we have used a wall chart, a hash addressed data structure, and a dual­
copy data structure, resp ective ly . Many minor problems s t i l l  d istra ct 
one while using the S orcerer 's  Apprentice system, yet the a b il ity  to 
observe and modify three-dimensional ob jects  in real time and in 
natural manner is  very strik ing  and very r e a l is t ic .
*This report reproduces a d isserta tion  o f  the same t i t l e  submitted 
to the Department o f  E le ctr ica l Engineering, University o f  Utah, in 





Ever since computers have been used to draw pictures o f  ob jects 
on a cathode-ray tube (CRT), computer s c ie n t is ts  have been interested  
in finding better ways to d isp lay, define, and in tera ct with these 
computer-generated o b je c ts , which w il l  hereafter be referred  to as 
"synthetic o b je c ts ."  I n it ia l ly  two-dimensional ob jects  such as 
squares and c ir c le s  were represented; soon a fte r , perspective was 
added making them appear as cubes and spheres. Later, stereoscopic 
methods [1] o f  viewing were developed to give the ob jects  a more 
tru ly  three-dimensional (3-D) appearance. One o f  the most conceptually 
advanced 3-D displays [2] puts the observer in a 3-D environment wherein 
he seems to be surrounded by 3-D synthetic ob je cts .
Advancement was also made in the area o f  in tera ction , but a basic 
problem s t i l l  ex isted . The "state  o f  the art" o f  in teraction  went from 
simple one- and two-dimensional devices such as knobs, buttons, 
jo y s t ick s , and teletypes to the more soph isticated  lig h t  pens and 2-D 
ta b le ts . The pens and tablets are also valuable fo r  "drawing" or 
describing 2-D ob jects  and have even been used fo r  in teractin g  with
2-D representations o f  3-D ob jects  [3 ]. Some systems provide the user 
with actual, though lim ited , 3-D control o f  3-D ob jects  with 2-D 
viewing [4] and even with 3-D viewing [5 ]. One problem with these systems 
o ffe r in g  3-D control is  that the volume o f control does not coincide
The Problem
with the volume o f  observation, thus, u t iliz a t io n  o f  a person 's natural 
pointing a b ility  is  re s tr ic ted .
Even with 2- and 3-D in teraction  and 3-D viewing ca p a b ilitie s  
availab le , some o f  the more reputable computer graphics in stitu tion s  
s t i l l  work with 3-D synthetic ob jects  using 1-D in teraction  and 2-D 
viewing. At the University o f  Utah, fo r  example, the system almost 
exclusively  used fo r  defin ing and in teracting  with 3-D synthetic 
ob jects  is  a (1-D) teletype and a (2-D) CRT d isplay. Certainly 
a v a ila b ility  o f  equipment, ex istin g  programs and convenience tend to 
d icta te  which systems are used. But many two- and three-dimensional 
systems are simply not very useful because o f inadequacies and 
am biguities, fo r  example, in  trying to  "draw" 3-D ob jects  with 2-D 
devices, trying to v isu a lize  3-D ob jects  on 2-D disp lays, or trying 
to coordinate 3-D drawing and 3-D v isu a liz in g  o f  ob jects  on present 
systems.
The problem addressed herein is  the development o f  a system which 
can be used to d isp lay, describe, and in teract with 3-D synthetic 
ob jects  in  a r e a l is t ic  3-D environment. The questions raised by this 
top ic  are: What methods o f display and in teraction  should be used? Is 
i t  possib le  to use the same volume fo r  in teraction  and display? What 
lev e l o f  complexity should be used for communication from the observer 
to the computer? What data structure w ill  best su it the system? How 
much information can be displayed s t i l l  allowing rea l time motion 
without f l ick e r ?  How much w ill  the in teraction  device and data structure 
slow down the display rate?
Having b u ilt  a system we need to  ask: Is the system useful? What 
are i t s  strong points and weak points? How easy is  i t  to  use? Is
Fig. 1: Room containing S orcerer 's  Apprentice apparatus including (from le f t )  the 
analog c ircu itry  rack with cables to the head-mounted d isp lay , the wand on i t s  r e f ­
erence tripod , and a w all chart. A portion  o f  the head p os it ion  sensor can be seen 
extending upward from the head-mounted d isp lay. Near the ce ilin g  are two o f  the 
three "puppet" boxes and the crossed pipes forming the u ltrason ic "shower s t a l l . "
the il lu s io n  r e a lis t ic ?  What are the contributions o f  the system to 
future systems o f  a sim ilar nature?
The System
The S orcerer 's  Apprentice system (Fig. 1) explored here is  a 
combination o f  two systems, a head-mounted display [2] and a wand. The 
display portion  o f  the system was chosen for i t s  a v a ila b ility  and 
novelty. A hand-held 3-D wand was designed for use in in teraction .
The major e ffo r ts  o f  the author centered around th is  equipment and the 
programming fo r  i t .  ,
For several years the head-mounted display (Fig. 2) has provided 
the University o f  Utah with a unique three-dimensional environment 
for  looking at 3-D, computer-generated ob jects  which ex ist  only as 
data in a computer [6]. The il lu s io n  presented to one wearing th is 
display is  that he is  surrounded by synthetic ob jects  which he sees in 
addition to the features o f  h is surroundings. These synthetic ob jects  
exh ib it the s iz e , perspective, and s ta b ility  ch a racteristics  o f  rea l 
ob jects  as the observer free ly  walks among them. Like real ob jects  
they are seen only when the observer is  facing them; as he turns or 
walks past them, they leave his f ie ld  o f  view.
A small wand (Fig. 3) with several buttons on i t  was b u ilt  to 
enable an observer to in teract with the synthetic ob jects  by reaching 
out and "touching" them. I t  was thought that the a b ility  to draw, 
change, and jo in  3-D ob jects  in a 3-D environment using natural arm, 
body, and eye coordination would have many advantages over ex istin g  
in teractive  systems. As an aid to reaching and "touching," the wand
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Fig. 2: Observer wearing the head se t  and 
harness o f  the head-mounted d isp lay .
as seen through the head-mounted display is  marked by a spot o f  lig h t , 
a cursor, which normally moves as though attached to the wand. Lines 
drawn using the wand appear as glowing wires and form "wire-frame" 
drawings. These lin es do not fade in time but appear to be stationary 
in space. With the wand the lin es can be joined to form ob jects  which 
can then be moved, m odified, and stored in magnetic tape from which 
they can be re-entered at a la ter date for further m odification .
The system is  fa ir ly  simple to use. Available commands are few 
and uncomplicated. Some can use i t  w ell the f i r s t  time, but most 
require several sessions on the system to pass the "tolerance lim it "— 
that point when the system becomes useful instead o f  merely to lera b le .
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Fig. 3: Wand on i t s  tripod  "perch. 
The u ltrason ic t ip  is  attached.
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Fig. 4: Schematic showing flow o f  information and the corresponding 
data transformations in the head-mounted display system.
CHAPTER II 
3-D ENVIRONMENT
The head-mounted display system which creates the illu so ry  three­
dimensional environment is  composed o f the head-mounted display and 
i t s  supporting software. The sp ecia l purpose display hardware and 
hand-optimized software produce a c y c lic  flow o f  information from the 
observer to  the computer and back to  the observer as seen in Fig. 4.
Real time flow , 20 frames per second, o f th is information allows f l ic k e r -  
free viewing.
Synthetic ob jects  seen through the head-mounted display appear to 
remain stationary as the observer moves. This sta tion arity  resu lts 
from continually changing the p ro jection  o f  the ob jects  in a manner 
which compensates for  head motion. Thus, the head-mounted display 
system is  not only capable o f displaying a frame every 20th o f  a second, 
but a lso  o f  changing the perspective o f each successive frame according 
to the changing p osition  o f the observer's  head.
Head-Mounted Display Hardware
The head-mounted display was designed and b u ilt  under the d irection  
o f  Dr. Ivan E. Sutherland at Harvard College. I t  was completed and 
tested  at Harvard in August 1968, ju st a few days before Dr. Sutherland 
brought i t  to the University o f  Utah. Though some portions o f  the 
hardware were immediately put into use at Utah, the display i t s e l f  was 
not again used for  viewing synthetic ob jects  u n til the f i r s t  day o f 
1970.
I n it ia l ly  the display hardware consisted o f  s ix  separate sub­
systems: a head se t , a head p osition  sensor, a general purpose computer, 
a matrix m u ltip lier , a clipp ing  d iv id er, and a vector generator. The 
m u ltip lier , d iv ider, and generator have been removed temporarily for 
m odifica tion .*  Although th eir functions are now being simulated with 
software, they w ill  nevertheless be discussed in th is  section .
Head S e t .— The head set is  a cathode-ray tube device which pre­
sents the synthetic ob jects  to an observer. I t  is  worn much lik e  a 
pair o f spectacles (Fig. 2 ). Each temple p iece o f  the spectacles is  a 
miniature CRT which is  6 inches long and has a 13/16 inch diameter 
screen. A 2-D p ro jection  drawn on the CRT face is  re fle cted  from an 
enclosed mirror in to a series  o f  lenses and fin a lly  to an eyepiece. 
Through the center o f  th is clear glass eyepiece is  a p a r tia lly  r e f le c t ­
ing s ilv e r  plane which d irects  the p icture in to the observer's eye. The 
observer thus sees a v irtu a l image o f the 2-D p ro jection  superimposed 
on his normal visual f ie ld .  These synthetic ob jects  appear to  be in 
front o f  the observer and can be programmed to hang free ly  in space 
(Fig. 5,6) or to appear coincident with maps, w a lls , and other ob jects  
in the room.
The head set was designed to  provide an observer with a stereo­
scop ic view. With separate op tics  for  each eye, stereo is  p ossib le  by 
sending each eye a s lig h tly  d iffe re n t p ro jection . Stereo p ictures were
*The matrix m ultip lier became permanently inoperative a fter  a 
system change in September 1970. In August 1971 the clipp ing  d ivider 
and the vector generator in terface  were "taken down" for m odification . 
Though progress in m odification  is  slow, we s t i l l  look with anticipation  
to the time when a l l  the head-mounted display hardware w ill  again be 
operational.
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Fig. 5: USA map photographed from d iffe ren t angles through a head set eyepiece. 
The map consists o f  649 lin e  segments and was programmed to appear about three 
fe e t  wide and two fe e t  high.
seen at Harvard, but not dynamic stereo p ictu res. At Utah equipment 
lim itations require the same view to be sent to both eyes.
Head P osition  Sensor.—The head p osition  sensor is  a simple 
mechanical device with the appearance o f  a tw o-section telescope 
(Fig. 7 ). The two telescop ing tubes s lid e  free ly  along th e ir  common 
axis and are fastened on one end through a universal jo in t  to a swivel 
on the c e ilin g . The other end is  connected through a second universal 
jo in t  to the head se t . Noncumulative-force springs support the shaft 
and head set so the observer is  not burdened with th e ir  weight. A 
harness (Fig. 8) helps hold the head set in place on the observer's 
he ad.
Six rotary pulse generators monitor the s ix  degrees o f freedom o f 
the observer 's  head. Five generators are mounted concentric to the 
universal jo in t  axes and to  the ce ilin g  p ivot axis; the sixth  generator 
is  used to  ind icate the extension o f  the telescop ing tubes. The pulse 
generators supply 8000 pulses per revolution  suggesting resolu tion  in 
measurement o f  v e r t ica l translation  o f  0.00077 inch, horizontal trans­
la tion  o f  0.048 to 0.067 inch depending on the shaft extension, and 
rotation  o f  2.7 minutes. Mechanical tolerances cause the overa ll 
accuracy o f  the head p osition  sensor to be a great deal worse than the 
resolutions would ind icate when considering the head's absolute p osition  
and orien ta tion . However, when considering sustained motion in a given 
d ire ction , the accuracy approaches the resolu tion .
The volume o f  head motion o f  the observer is  lim ited by the head 
p osition  sensor. An observer's head must always remain within the two 
fo o t  high frustrum o f  a cone which is  about eight fee t  high and s ix  fe e t
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Fig. 6: A lin e  segment 3 :4 :5  L issa jou s ' figure 
photographed through the head se t . The "barbed 
wire" e f f e c t  comes from a delay problem in  the 
formerly used vector generator.
Fig. 7: Looking upward along the head positron  
sensor sh a ft. The head set and a portion  o f  the 
u ltrason ic "shower s t a l l "  are also v is ib le .
in diameter. Within th is volume he can rotate up to two fu l l  turns in 
e ither d irection  from center. Normal neck motion is  unrestricted  with 
the exception that v e r t ica l t i l t  o f  the head is  lim ited to  a maximum o f  
30 degrees upward and 80 degrees downward.
General Purpose Computer.—A general purpose computer uses the 
output from the pulse generators on the head p osition  sensor to create 
a head p osition  matrix. Pulses from the s ix  generators are continuously 
counted and stored in bu ffer reg isters . These reg isters are interrogated 
at the beginning o f  each frame by a D ig ita l Equipment Corporation PDP-10 
computer which creates from the s ix  values a fou r-by-fou r homogeneous 
matrix [7 ,8 ], This "head p osition  matrix" (Fig. 4) defines the p osition  
and orien tation  o f  the observer's  head with respect to a coordinate 
system attached to the head-mounted display room.* I t  is  th is matrix 
which appropriately changes the observer's  view o f  synthetic ob jects  as 
he moves about the room.
The PDP-10 is  equipped with more than enough core to handle it s  
other functions. Currently, in the "sin g le  user" mode the PDP-10 has 
64K o f  one microsecond core memory. I t  is  p oss ib le , though adminis­
tra tiv e ly  d i f f i c u l t ,  to  switch in an additional 96K o f  core from an 
adjoining tim e-sharing PDP-10. The other functions o f  the computer 
include in terfacin g  with ex istin g  hardware and storing  descriptions o f  
the synthetic o b je c ts .
*The d e fin it ion  o f  head and room coordinate systems is  re la tiv e .
The values actually  inserted in to the head p osition  matrix are those 
which describe where the room is  in terms o f the head coordinate system. 
I t  would be more correct to c a ll  th is matrix the "inverse head p osition  
matrix" or the "room p osition  m atrix," but the t i t l e  "head p osition  
matrix" w il l  be used so as to remain in agreement with other publications 
[6 ,10 ].
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F ig . 8: O b serv er  p o in t in g  w ith  th e  wand a t  th e  w a l l  c h a r t .
Matrix M u ltip lie r .—The matrix m ultip lier [2] is  a high-speed 
device which transforms 3-D vectors from room to head coordinates (Fig. 4 ) .  
I t  m ultip lies both endpoints o f  each vector by the head p osition  matrix 
to perform the transform ation. Before th is  m u ltip lica tion , the head 
p osition  matrix is  m ultiplied  on the right by a matrix which adjusts for 
the f ie ld  o f  view o f  the head set o p tic s . The hardware matrix m ultip lier 
was designed to m ultiply one endpoint by a four-by-four matrix in 5 
microseconds. The software simulation takes about 200 microseconds.
Clipping D iv id er.—Head coordinate endpoints from the matrix 
m ultip lier are accepted in pairs by the clipp ing d iv ider [9 ]. In the 
process o f "c lip p in g ,"  the clipp in g  d iv ider elim inates those lin e  
segments and portions o f  lin e  segments which are behind the observer or 
outside his f ie ld  o f view. The "d ivid ing" function computes the per­
sp ective , as seen by the observer, o f  each v is ib le  lin e  segment and by 
so doing transforms the 3-D ob ject descrip tion  in to  a 2-D descrip tion  
su itable fo r  display on a f la t  screen.
Vector Generator.—The vector generator produces the analog 
signals necessary to draw lin es on a CRT. These signals are propor­
tion a l to the two-dimensional endpoint values the generator receives 
from the clipp ing  d iv ider. When a l l  the head-mounted display hardware 
was in operation, the vector generator produced about 700 vectors 
without f l ic k e r  (Fig. 5) .
Currently a software vector generator simulator computes the 
coordinates o f  dots along v is ib le  lin e  segments. These dots are 
displayed in rapid succession to simulate vectors (Fig. 12). Dot spacing 
may be sp ec ified  by the user and is  constant regardless o f vector length.
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Thus, a short vector w il l  contain fewer dots than a long one. As an 
observer approaches a vector i t  appears to grow as dots are added to 
one end.
Even with a l l  the software simulation and with the re s tr ic t io n  o f 
drawing only one dot at a time, the system is  presently capable o f  
drawing several screen-length vectors without f l ic k e r . The head set 
CRT phosphor persistence is  such that a refresh  rate o f  about 20 frames 
per second is  necessary for  synthetic ob jects  to  appear f l ic k e r - fr e e .
The number o f  f l ic k e r - fr e e  vectors is  largely  dependent upon the spacing 
o f the dots which form the vectors. Twenty-four f l ic k e r - fr e e  vectors 
may be displayed with dot spacing o f  100 scope units where 2048 is  the 
screen length in scope un its. Thirty-unit spacing o f  dots reduces the 
number o f screen-length f l ic k e r -fr e e  vectors to about e igh t, but produces 
better looking vectors and is  generally used (Fig. 12).
Head-Mounted Display Software
Head-mounted display software consists o f  a head p osition  processor 
and a display f i l e  processor. The job o f the head p osition  processor is  
to compute the head p osition  matrix from the information provided by 
the head p osition  sensor. Of the 50 m illiseconds allowed per frame 
fo r  f l ic k e r - fr e e  viewing, only one m illisecond is  required by the head 
p osition  processor to  compute the head p osition  matrix. Details o f  
th is  computation are published [6 ].
The display f i l e  processor sees that the information in the display 
f i l e  is  properly displayed. The display f i l e  contains a 3-D room 
coordinate description  o f  the ob jects  to be displayed. Figure 4 shows
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how the display f i l e  processor invokes the matrix m ultip lier and 
clipp ing d ivider to transform th is description  from room coordinates 
to head coordinates and f in a lly  to scope coordinates. For each frame 
the room coordinate description  needs to be transformed only once by 
the head p osition  matrix and only once by the scope p osition  matrix. 
The addition o f  stereo would require one more transformation o f  the 
room coordinate description  by the head p osition  matrix. Sim ilarly, 
m ultiple occurrences o f  a synthetic ob je ct  on a CRT would require 
m ultiple transformations by the scope p osition  matrix.
Most o f  the head-mounted display software was done in  MACRO 10 
assembly language. Two exceptions are the clipp ing d iv ider simulator 
and the magnetic tape drive in terface  which were done in Fortran IV.
CHAPTER III
3-D INTERACTION
An observer within the 3-D environment o f  the head-mounted display 
system has at his disposal a wand system by which he can reach out and 
"touch" the synthetic ob jects  he sees. Presently, in teraction  is  
possib le  only with s p e c if ic  v e rt ice s , usually lin e  segment endpoints, 
o f  the synthetic o b je cts . A wand for creating and in teracting  with 
synthetic ob jects  v is ib le  only to one wearing the head set re la tes an 
aura o f  sorcery to bystanders and is  the basis for the name o f  the 
combined head-mounted display and wand systems: S orcerer 's  Apprentice.
The wand system contains a hand-held wand, an in terpretive  
language for using the wand, and a unique data structure attached to 
the display f i l e .  A ll aspects o f  in teraction  with the wand are under 
control o f  the wand processor program.
Wand
P hysically , the wand is  an outgrowth o f  convenience and necessity 
(Fig. 3). The grip o f  the wand was taken from an inexpensive photo­
graphic flash  attachment. I t  contains only four pushbuttons, a s lid e  
switch, and a small potentiometer for  communicating with the computer. 
Four buttons were used simply because more would not conveniently f i t .
A cable carrying signals from the buttons, switch, and potentiometer 
and to the wand tip s  extends from the bottom o f  the wand.
Whereas both p osition  and orien tation  o f  the head were monitored 
in the head-mounted display system, only the p osition  o f  the wand
i s  tracked . Thus, the wand tra ck in g  problem i s  r e a l ly  only a subset of 
the head track in g  problem. For purposes o f comparison* th re e  methods 
of wand track in g  were attem pted. A ten -p in  bayonet connector on top of 
the wand was designed to  accept a t i p  from one of th ree  tra ck in g  dev ices. 
The th re e  t ip s  (Fig. 9) include a continuous wave u ltra so n ic  tran sd u cer, 
a mechanical o r "puppet" adaptor, and a spark pen. C urrently  the 
u ltra s o n ic  and "puppet" t ip s ,  d iscussed  below, are fu n c tio n a l. The 
system fo r the  spark pen, a m odification  of a commerically a v a ila b le  
pen [11], has been designed bu t only p a r t ly  b u i l t .
The u ltra so n ic  track in g  device, a m odification  of a former head 
tra ck in g  system [12], uses an u ltra so n ic  tra n sm itte r  as the wand t i p .
The 37 KHZ s in u so id a l output i s  picked up by four sensors mounted a t  
the corners of a 45 inch square "shower s ta l l "  near the c e il in g  (Fig. 1) . 
Phase s h i f t  of each of th e  four received  s ig n a ls  r e la t iv e  to  the tr a n s ­
m itted  s ig n a l i s  monitored by the  computer. From these  s h i f t s  and the 
i n i t i a l  leng th  of the  four vectors from the wand to  the re c e iv e rs , the 
wand p rocessor program determ ines the wand's p o s itio n  w ith a ty p ic a l 
re so lu tio n  of 0.01 inch.
A mechanical track in g  device uses the "puppet" t ip  which is  a ttached  
to  th re e  30 lb . t e s t  monofilament l in e s  by a sw ivel. The o th er ends of 
these  lin e s  pass through te f lo n  grommets, around encoder sh a fts  to  
noncum ulative-force sp rin g s . Three boxes (Fig. 10) con tain ing  the 
grommets, encoders, and springs are mounted on the c e il in g  in  such a 
way th a t  the sm all hole in  each white grommet l i e s  a t  the vertex  o f an 
82.5 inch e q u ila te ra l  t r ia n g le .  The encoders, which are ro ta ry  pulse
*See " P h y s ic a l R e s t r ic t io n s ,"  C hapter V .
Fig. 9: In terchangab le  t ip s  fo r track in g  wand 
p o s it io n . From l e f t  to  r ig h t :  son ic  t i p ,  
"puppet" t i p ,  and u ltra s o n ic  t ip .
F ig . 10: One of th re e  ceiling-m ounted "puppet boxes." 
A monofilament l in e  can be seen extending from a w hite 
te f lo n  grommet. P ro trud ing  from one s id e  of the box is  
a ro ta ry  p u lse  g en era to r.
gen era to rs , produce 4000 pu lses per 10.09 inches of l in e .  I f  s lip p in g  
and s tre tc h in g  of the l in e s  could be prevented*, the accuracy of th is  
method would f a l l  in  the range 0.0025 to  0.005 inch w ith in  the  normal 
working volume av a ila b le  to  an observer.
Wand Language
The wand language is  b u i l t  around a s ta te  ta b le  fo r which the 
cu rren t bu tton  p o s itio n s  serve as inpu t [13]. Each s ta te  i s  linked  to  
an ac tio n  which is  a sso c ia ted  w ith the command sp e c if ie d  by the person 
holding th e  wand. The o rg an iza tio n  gained by using a s ta te  ta b le  aids 
in  changing the e f fe c t  of a sp e c if ic  command or adding ad d itio n a l 
commands.
With only four b u tto n s , the wand needs supplem entation to  provide 
enough commands fo r meaningful communication w ith the computer. 
Supplemental means of communication such as panel sw itches, p o rtab le  
keyboards, and touch tone keys seem unnecessarily  com plicated and 
burdensome. The l im ita tio n  imposed by having only four bu ttons was 
f in a l ly  a l le v ia te d  by extending the in te ra c t iv e  c a p a b i l i t ie s  the wand 
has w ith sy n th e tic  o b jec ts  to  include inanim ate o b je c ts , s p e c if ic a l ly ,  
a w all c h a rt.
The ch a rt (Fig. 8,16) d iv ides wand commands in to  four modes.
Each mode, rep resen ted  by a square on the  c h a r t, red efin es  the commands 
asso c ia ted  w ith the four b u tto n s. These commands are p r in te d  on the  
ch a rt fo r re fe ren ce  by the observer. An observer wearing the head s e t  
can see which mode is  c u rre n tly  a c tiv e  by observing a sy n th e tic  cross
*See " P h y s ic a l R e s t r ic t io n s ,"  C hap ter V.
Fig. 11: Photograph of the w all ch a rt taken through the head s e t .  In  ad d itio n  to  
the  o b se rv e r 's  hand, the wand cursor and mode cross are v is ib le .
in  the ap p ro p ria te  mode square. In Figure 11, the MOTATE mode is  
a c tiv e . In ad d itio n  to  bu tton  p o s it io n s , the a c tiv e  mode serves as 
inpu t to  th e  wand language s ta te  ta b le .
In te ra c tio n  w ith the w all ch a rt i s  the means by which an observer 
can change modes. He does th is  by simply pushing the s l id e  sw itch up, 
"poin ting" a t  the d es ired  mode square, and pushing one of th e  b u tto n s. 
"Pointing" is  the a c t of a lig n in g  the wand cursor between the o b se rv e r 's  
r ig h t  eye and the ta rg e t  (Fig. 8 ). The a b i l i ty  to  in te ra c t  w ith 
inanim ate o b jec ts  w ith in  the room is  c e r ta in ly  ex tend ib le  to  more than 
four modes and c e r ta in ly  to  more than ju s t  c h a r ts . P r io r  to  such 
in te ra c t io n  one needs to  know only the p o s itio n  and o r ie n ta tio n  o f the 
head, the p o s itio n  of the cu rso r, and the  p o s itio n  of the  inanim ate 
o b je c ts .  One must a lso  determine w ith which eye to  a lig n  the  wand.
Four modes cu rre n tly  appear on the  c h a r t. Our enthusiasm  in  
d efin in g  the  modes and commands exceeded the  time av a ilab le  for 
im plem entation. Those modes and commands not p re sen tly  o p era tio n a l 
appear in  conjunction w ith the word "w ill"  as though they are  fo r th ­
coming, whereas, the c e r ta in ty  of th e i r  fu tu re  im plem entation is  
unknown. Appendix A contains a more d e ta ile d  explanation  of the modes.
ALTER — In th is  mode the observer i s  able to  DEFORM 
sy n th e tic  o b jec ts  by moving th e i r  v e r t ic e s  w ith the 
wand (Fig. 12). E ventually  he w il l  be ab le to  
ELONGATE or s tr e tc h  o b jec ts  and to  MOLD them by 
moving one v ertex  w ith re sp e c t to  an o b je c t 's  cen ter 
and having a l l  o th e r v e r tic e s  move p ro p o rtio n a lly  w ith 
re sp ec t to  the same cen te r. In case a m istake i s  made,
OOPS w il l  r e c a l l  a former image.
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Fig. 12: Photographs taken through the head s e t  
showing e f fe c ts  of the DEFORM command. The observer 
i s :  (a) approaching the cube, (b) "touching" a 
vertex  of the cube, (c,d) DEFORMing the cube.
DRAW — This mode le t s  an observer DRAW sy n th e tic  
o b jec ts  (Fig. 13), add to  e x is tin g  o b je c ts , ERASE 
l in e s ,  and DRAW curves (Fig. 19). Eventually  i t  
w il l  allow him to  add v e r tic e s  along e x is tin g  lin e  
segments by making two l in e  segments out of one 
long one. Lines which are drawn appear p e rfe c tly  
s t r a ig h t  because of the use of " e la s t ic  lin e"  
drawing [14].
TINKER TOY — Under th is  mode sy n th e tic  o b jec ts  are 
r ig id  in  form. An observer can move them along 
a rb itra ry  3-D p a th s; even tua lly  he w il l  be able 
to  ROTATE them re la t iv e  to  an a rb i tr a ry  o r ig in , and 
to  FUSE them to g e th e r to  c rea te  more com plicated 
o b jec ts  and s tru c tu re s .
MOTATE — The name of th is  mode is  an an acronym of 
"motor ro ta te "  and the mode w il l  be used to  sim ulate 
su sta in ed  ro ta tio n a l  motion. An observer w il l  be 
able to  INDICATE or define an ax is and cause an 
o b jec t to  ro ta te  a t  a sp e c if ia b le  angular v e lo c ity  
about th is  ax is . R otation then w ill  continue 
reg a rd le ss  of subsequent mode changes o r commands 
u n t i l  the o b je c t i s  s p e c if ic a l ly  commanded by the 
observer to  STOP, change v e lo c i t ie s ,  o r change 
d ire c tio n . A ll the o b jec ts  w il l  be able to  ro ta te  
sim ultaneously a t  d if f e re n t  angular v e lo c it ie s  and 
about d if f e r e n t  axes.

Some commands were thought to  be o f s u f f ic ie n t  value th a t  they 
w eren 't r e s t r i c te d  to  ju s t  one mode. These commands, c a lle d  ex ten sio n s , 
allow the observer e f fe c tiv e ly  to  extend h is  arm in  any mode and 
in te r a c t  w ith o b jec ts  th a t  are out o f reach. The th ree  ex tensions 
(Fig. 8) can be compared to  the s h i f t  key on a ty p ew rite r. However, 
when the s h i f t  key (s lid e  switch) i s  pushed, only the one p o te n tia l ly  
a c tiv e  ex tension  i s  usab le . D esignation of which ex tension  i s  p o te n tia l ly  
a c tiv e  is  done in  a manner s im ila r  to  a mode change. Thus, th e re  are 
always two sy n th e tic  crosses v is ib le  on the c h a r t, one sp ec ify in g  the 
cu rren t mode and one sp ec ify in g  the  p o te n tia l ly  ac tiv e  ex tension .
Of the th re e  ex tensions, ZOT, ZOOM and SCALE, only ZOT is  p re ­
se n tly  implemented. A fter pushing the  s l id e  sw itch on the  wand, the 
observer w il l  be able to  p o in t a t  a sy n th e tic  o b je c t and sca le  i t  up 
or down i f  SCALE i s  the p o te n tia l ly  a c tiv e  ex tension . I f  ZOOM is  
p o te n tia l ly  a c tiv e , the same ac tio n  on the p a r t  of the observer w il l  
cause the sy n th e tic  o b jec t to  zoom n earer to  or fa r th e r  from him along 
the path  designated  by h is  r ig h t  eye and the wand cu rso r. The ZOT 
ex tension , s im ila r  to  "cy lin d er mode" used in  Johnson 's system [3], 
a ttach es  the cursor to  any vertex  whether near to  or f a r  from the 
observer whenever he p o in ts  a t  the v e rtex  and pushes a b u tto n . ZOT, 
th e re fo re , l e t s  an observer "touch" a v ertex  beyond h is  reach .
The wand contains a sm all po ten tiom eter designed fo r  use w ith 
ex tensions. The po ten tiom eter, though not now fu n c tio n a l, was added 
to  allow  the observer to  in d ic a te  the sense and/or v e lo c ity  of the 
SCALE, ZOOM, or ZOT. For in s ta n ce , an observer w ill  be able to  p o in t a t  
a sy n th e tic  o b je c t and, by tu rn in g  the po ten tiom eter w ith h is  thumb
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in  one d ire c tio n , w il l  make the  o b jec t appear to  grow. The fu r th e r  he 
tu rn s  the po ten tiom eter, th e  f a s te r  i t  w il l  grow. Turning the  p o te n tio ­
meter in  the  o th er d ire c tio n  w il l  s im ila r ly  make the o b je c t sh rink .
The po ten tiom eter w il l  have a dead zone centered  about i t s  p o s itio n  
a t  the  time the s l id e  switch was pushed. U n til the po ten tiom eter is  
tu rned  p a s t the dead zone in  e i th e r  d ire c tio n , no growing or sh rink ing  
w il l  occur; s im ila r ly , growth or sh rink ing  w il l  stop  only when the  
dead zone is  again reached. When ZOOMing, the  po ten tiom eter w ill  
in d ic a te  d ire c tio n  and v e lo c ity . For the  ZOT ex tension , i t  w il l  a c t 
as the means fo r the cu rso r leav ing  the  wand and a ttach in g  to  a vertex  
o r leav ing  the vertex  and assuming i t s  normal p o s itio n  over th e  wand. 
Buttons cu rre n tly  serve to  a tta c h  or r e t r a c t  the cu rso r.
Wand Data S tru c tu re
In S o rc e re r 's  A pprentice, a dual-copy da ta  s tru c tu re  i s  the  key 
to  r e a l  time in te ra c tio n  between the  observer and the sy n th e tic  o b je c ts . 
This data  s tru c tu re*  s to re s  d e f in it io n s  of each sy n th e tic  o b je c t in  
both lo c a l coord inates and room coord inates (Fig. 4 ). Local coordinates 
are those whereby each o b je c t i s  defined r e la t iv e  to  i t s  own c e n tra l ,  
" l e f t  hand" coord inate  system (Fig. 14). Local coordinate d esc rip tio n s  
are  necessary fo r e a s ie r  im plem entation of such commands as SCALE and 
MOLD. The room coordinate  d e sc rip tio n , on the  o th e r hand, f a c i l i t a t e s  
the DEFORM and DRAW commands. The room coordinate  d e sc rip tio n  i s  s e t  
up in  such a way th a t  i t  a lso  serves as the d isp lay  f i l e  fo r the  d isp lay
*See Appendix B fo r a d e ta ile d  exp lanation  of the  dual-copy da ta  
s tru c tu re .
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f i l e  p rocesso r. Thus, an im portant fe a tu re  about the  dual-copy da ta  
s tru c tu re  i s  th a t  i t  allows o b jec t d e sc rip tio n  changes in  e i th e r  lo ca l 
or room coord inates w ith l i t t l e  co s t in  computing tim e. Another n ice 
fe a tu re  i s  th a t  the format o f the  d isp lay  f i l e ,  p re sen tly  conforming 
to  the Evans and Sutherland LDS-1 hardware d isp lay  p rocessor [16], is  
independent of the d a ta  s tru c tu re .  '
The problem w ith m aintain ing two d esc rip tio n s  of each o b jec t is  
keeping them in  agreement. Going from lo c a l to  room co o rd in a tes , th is  
problem is  solved using an o b jec t p o s itio n  m atrix  and a hash addressing 
scheme.* The o b jec t p o s itio n  m atrix  (Fig. 4,15) s p e c if ie s  the 
o r ie n ta tio n  o f an o b je c t 's  lo ca l coordinate system with re sp ec t to  the 
room coordinate system.
Hashing provides access to  a r ic h  s e t  o f p o in te rs  which lin k  room 
coordinate  endpoints having c e r ta in  s im ila r  c h a r a c te r is t ic s .  P o in te rs  
chain to g e th e r a l l  those endpoints having the same p o s itio n , having 
d if f e r e n t  p o s itio n s  bu t id e n t ic a l  hash codes, belonging to  one sy n th e tic  
o b je c t, and in  the process o f being m odified, e .g . by the ELONGATE 
command. A s c a t te r  index ta b le  [15] bridges the g u lf  between the random 
o rdering  of da ta  c h a ra c te r is t ic  of hashing and the seq u en tia l o rdering  
of d a ta  used by the d isp lay  f i l e  p ro cesso r.
The agreement problem when going from room to  lo ca l coordinates 
a lso  has a two p a r t  so lu tio n . P o in te rs  s e t  up a f te r  the hashing 
opera tion  lin k  each room coordinate endpoint w ith i t s  lo c a l coordinate 
co u n te rp art. I t  i s  th e  inverse  o f the o b jec t p o s itio n  m atrix  which 
is  used to  transform  data  from room to  lo ca l coo rd ina tes. F o rtu n a te ly ,
*See Appendix B fo r more d e ta i l  about the hash addressing scheme.
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LOCAL OBJECT HASH SCATTER ROOM
COORDINATE POSITION AECRESSING INDEX POINTERS COORDINATE
MTA - MATRIX SCHEME TABLE DATA
Fig. 15: S im plified  diagram o f dual-copy d a ta  s tru c tu re .
the inverse  o f the ro ta tio n  p o rtio n  [7] o f the o b je c t p o s itio n  m atrix 
is  eq u iv a len t to  the transpose of th a t  same p o rtio n  and, th e re fo re , 




Before the wand could be added to  the head-mounted d isp lay  system 
to  form a working S o rc e re r 's  A pprentice system, four major problems 
needed to  be solved. Some of th ese  problems were mentioned in  e a r l i e r  
chap ters bu t w il l  be d iscussed  again here fo r com pleteness. These 
four problems are : (1) the wand-computer communication problem, (2) the 
data  s tru c tu re  problem, (3) the  "no hardware" problem, and (4) the 
3-D "touching" problem.
Wand-Computer Communication Problem
A problem, in troduced under "wand language," was th a t  o f communication 
from wand to  computer. One accustomed to  m anipulating 3-D o b jec ts  with 
combinations of te le ty p e s , console sw itches, l ig h t  pens, joy s t ic k s ,
2-D t a b l e t s , and various b u tto n s , knobs, p o ten tio m ete rs , and sw itches 
is  f i t t e d  w ith a head s e t  and given a wand in  h is  r ig h t  hand. How 
e f fe c tiv e ly  can a wand w ith only four b u tto n s , a sw itch, and a p o te n tio ­
meter rep lace  a te le ty p e  or rows o f knobs and sw itches?
In the q u estio n , the in fe ren ce  th a t  the wand rep laces a te le ty p e  
or rows of sw itches i s  somewhat m isleading. F i r s t ,  the head-mounted 
d isp lay  and not the  wand rep laces standard  knob-con tro lled  viewing 
techniques. Next, most cu rso r co n tro l functions are  accomplished by 
the o b se rv e r 's  n a tu ra l 3-D p o in tin g  motion and have nothing to  do w ith 
the number of bu ttons on the wand. However, since  the wand i s  the only 
device by which th e  observer can send commands to  the  computer, the wand
must be capable o f sending more than ju s t  four commands. Wall ch a rt 
in te ra c tio n  was used to  m ultip ly  the e f fe c tiv e  number of wand buttons 
thereby e lim in a tin g  the need fo r something l ik e  a p o rta b le  keyboard.
In te ra c tio n  w ith ch a rts  was chosen as a so lu tio n  to  the wand- 
computer communication problem because i t  i s  sim ple, expandable, and 
f le x ib le .  With a ch a rt fo r re fe ren ce , one needs to  remember the 
function  of only four bu ttons a t  once. The whole room could be f i l l e d  
w ith ch arts  i f  d es ired . For f l e x ib i l i t y ,  the ch a rt could be rep laced  
w ith a b lackboard, chalk and e ra se r . With s u f f ic ie n t  p rocessing  
c a p a b il i ty , a sy n th e tic  ch a rt could appear on the w all. For th is  
sy n th e tic  c h a r t, the  wand could be made to  sim ulate the functions o f chalk 
and e ra se r .
The ch art in  Figure 16 was made by using flu o rescen t l e t t e r s  on a 
black background. An u l t r a v io le t  l ig h t  i s  mounted above the ch a rt so 
the l e t t e r s  can be made to  flu o resce  under conditions o f low ambient 
room l ig h t .  These conditions are  sometimes used to  enhance th e  c o n tra s t  
between sy n th e tic  o b jec ts  and fu rn ish ings w ith in  the surrounding room.
Not only does in te ra c tio n  w ith  w all ch arts  conveniently  solve the 
problem of wand-computer communication, bu t i t  a lso  dem onstrates the  
c a p a b il i t ie s  o f in te ra c t in g  w ith inanim ate ob jec ts  and of superimposing 
sy n th e tic  o b jec ts  onto r e a l  ones. These two c a p a b il i t ie s  may prove to  
be among the  most valuable  co n trib u tio n s  of S o rc e re r 's  A pprentice.
Even the design of the  wand helps somewhat w ith so lv ing  the  wand- 
computer communication problem. The bu ttons o f fe r  a v a r ie ty  of inputs 
which are quick and req u ire  l i t t l e  motion on the p a r t  of the observer.
The po ten tiom eter, ad ju s tab le  w ith the r ig h t  thumb, f u l f i l l s  the need
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Fig. 16: View of the w all chart showing the four modes and th ree  ex tensions.
fo r a v a riab le  in p u t to  the computer, and the s l id e  sw itch serves as a 
la tch in g  device which is  id e a l  fo r extension  and mode changes.
Data S tru c tu re  Problem
A major problem in  developing S o rc e re r 's  A pprentice was th a t  of 
find ing  a s u ita b le  da ta  s tru c tu re . A fter in v e s tig a tin g  many v aried  and 
ex o tic  s tru c tu re s  i t  became apparent th a t  the crux of the problem was 
whether to  keep in  memory one or two copies of the da ta  d escrib in g  the  
sy n th e tic  o b je c ts . The choices were to  keep a copy in  room coord ina tes, 
in  lo ca l coo rd ina tes, o r in  both . In making a dec is io n  i t  was noted 
th a t  an o b je c t w il l  s h i f t  while being sca led  unless i t  i s  defined  in  
lo ca l coo rd ina tes. I f  in  room coord ina tes, the da ta  would have to  be 
transform ed in to  lo c a l coord inates before sc a lin g . However, when one 
i s  try in g  to  "touch" an o b je c t, lo c a l coordinate  d e sc rip tio n s  are 
undesirab le  s in ce  the  wand p o s itio n  is  known only in  room coord ina tes.
In  the case o f "touching ," the  wand p o s itio n  would have to  be transform ed 
by the in v erse  "o b jec t p o s itio n  m atrix" a sso c ia ted  w ith an o b je c t and 
then checked in  lo c a l coordinates to  see i f  some "touching" c r i t e r i a  
were met. I f  sev e ra l sy n th e tic  o b jec ts  were p re sen t in  the  d isp lay  
f i l e ,  th is  transform ing and checking would have to  be done fo r each 
o b je c t. Therefore, to  avoid needless transform ations from one coordinate 
system to  ano ther, i t  would be n ice to  have both lo c a l and room coor­
d in a te  d esc rip tio n s  of a l l  sy n th e tic  o b je c ts .
For the purposes of S o rc e re r 's  Apprentice the advantages o f a 
dual-copy da ta  s tru c tu re  outweighed the  d isadvantages. A d a ta  s tru c tu re  
w ith ju s t  one copy of the da ta  i s  e a s ie r  to  work w ith and req u ire s  le ss
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computer memory than the  dual-copy s tru c tu re . But w ith a l l  the  high 
speed, sp e c ia l purpose hardware now in o p era tiv e* , computing time fo r 
the many transfo rm ations requ ired  by the single-copy data  s tru c tu re  
could no t be spared. In ad d itio n  to  reducing the  number of time 
consuming transfo rm ations from lo c a l to  room co o rd in a tes, the  dual­
copy data  s tru c tu re  had the advantage of serv ing  as the  b as is  fo r 
so lu tio n s  to  the remaining two developmental problems, the "no hardware" 
problem and the 3-D "touching" problem.
With the dec ision  to  use the dual-copy da ta  s tru c tu re  came the 
problem of keeping the two copies in  agreement since  they both would be 
su b jec t to  change d ire c t ly  from wand commands. Under "wand data  
s tru c tu re ,"  Chapter I I I ,  i t  was explained th a t  a hash addressing scheme 
was employed as a so lu tio n  to  the agreement problem.** This scheme, 
d e ta ile d  in  Appendix B, not only g re a tly  reduces the agreement problem, 
i t  a lso  makes the touching problem t r i v i a l .  The scheme a lso  rep resen ts  
an unusual fe a tu re  of S o rc e re r 's  A pprentice, the su ccessfu l a p p lic a tio n  
of hash addressing  to  geom etrical da ta .
"No Hardware" Problem
When the  high speed head-mounted d isp lay  hardware was removed 
tem porarily , a se rio u s  question  arose: Can any progress be made in  the 
S o rc e re r 's  A pprentice experiment w ithout re a l  time d isp lay in g  c a p a b il i t ie s  
S u rp ris in g ly , the question  did  not need to  be answered; even w ith softw are
*See "Head-Mounted Display Hardware," Chapter I I .
**S ee  th e  fo llo w in g  s e c tio n  fo r  more about th e  agreem ent p rob lem .
sim ulating  the removed hardware, i t  i s  p o ss ib le  to  d isp lay  up to  24 
f l ic k e r - f r e e ,  sc reen -len g th  v ec to rs .*  However, a t  th is  p o in t i t  was 
even more c r i t i c a l  th a t  the wand system req u ire  as l i t t l e  p rocessing  
time as p o ss ib le .
The problem of reducing wand system processing  time had a th ree  
p a r t  so lu tio n . F i r s t ,  as explained in  the next se c tio n , the dual-copy 
d a ta  s tru c tu re  s ig n if ic a n tly  reduces the time necessary to  check 
"touching ." This savings in  time is  made p o ss ib le  p r in c ip a lly  by the 
use of the hash addressing scheme. Second, during wand in te ra c t io n , 
changes are  made only in  th a t  copy of the data  which is  most e a s ily  
a l te re d .  This, of course, is  one of the advantages of the dual-copy 
data s tru c tu re .  Third, the s ta te  table** used in  ac tin g  upon the data  
s tru c tu re  performs th ree  ac tio n s  fo r each push of a wand button. The 
" in i t i a l "  and "term inal" ac tio n s  handle transform ations and com plicated 
maneuvers. However, the "continual" ac tio n  is  very b r ie f .
By looking more c a re fu lly  a t  the problem of agreement between two 
copies of data one sees th a t  the th ree  ac tio n  s ta te  ta b le  can be app lied  
e f fe c t iv e ly  to  reduce th a t  problem a lso . Agreement is  necessary only 
before a wand command is  executed. At th a t  time the  da ta  s tru c tu re ,  and 
th e re fo re  the s ta te  ta b le ,  must be prepared fo r e i th e r  a room coordinate 
or a lo c a l coordinate  re fe ren c in g  command. However, during execution 
o f a command such as DEFORM, where the command is  co n tin u a lly  executed 
as long as the button  is  depressed , i t  i s  necessary to  change only the 
room coordinate  copy o f the  data  u n t i l  the deform ation is  completed.
*Up to  70 vecto rs can be d isp layed  with " to le ra b le "  f l ic k e r .  See
"Vector G enerator," Chapter I I  and " In te ra c tio n ,"  Chapter IV.
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**S ee  "Wand Language," C hapter I I I .
Only a f te r  completion is  i t  necessary to  use transfo rm ations to  b ring  
the lo c a l coordinate copy up to  d a te . S im ila rly , commands which 
reference  the lo c a l coordinate copy need not d is tu rb  the room coordinate 
copy during su sta in ed  execution of the command. A pplication  of the  th ree  
ac tio n  s ta te  ta b le  to  the agreement problem is  q u ite  sim ple. For a 
given wand command the " in i t i a l "  s ta te  ta b le  ac tio n  prepares the 
app rop ria te  copy of the data  so the computations made by the "continual" 
a c tio n  w il l  be very few in  number. The "term inal" ac tio n  is  the one 
which then brings the two copies in to  agreement by making use o f the 
hash addressing  lin k s  to  transform  any change made in  one copy to  the 
o th e r. Since only the " in i t i a l "  and "term inal" ac tio n s  are  involved 
w ith agreement o f the two copies of d a ta , the th re e -a c tio n  s ta te  ta b le  
p revents the agreement problem of the dual-copy d a ta  s tru c tu re  from 
slowing down the d isp lay  r a te .  ■
E ffic ien cy  of the dual-copy d a ta  s tru c tu re  and th re e -a c tio n  s ta te  
ta b le  in  reducing the  agreement problem and, th u s, the wand system 
processing  time is  rem arkable. For example, with the DEFORM command, 
the " in i t i a l "  and "term inal" ac tions each take ty p ic a lly  100 times 
more computer time than the "continual" ac tio n  which a f fe c ts  only the 
room coordinate copy. The ad d itio n  o f the wand p rocessor to  the head- 
mounted d isp lay  softw are slows the re fre sh  ra te  down by only 1.0 p e r­
cen t. Continual execution of the DEFORM command slows the re f re sh  ra te  
down by an a d d itio n a l 1.2 p ercen t.
3-P "Touching" Problem
Without the e le c tro n ic  cue a v a ilab le  from a l ig h t  pen on a 2-D 
d isp lay , the problem of "touching" d isp layed  o b jec ts  becomes d i f f i c u l t .
The ad d itio n  of another dimension fu r th e r  com plicates the  problem.
With a dual-copy da ta  s tru c tu re  we have the advantage of working in  
room co o rd in a tes, b u t even w ith room coordinate d e sc rip tio n s  of a l l  
o b je c ts , how can the computer determ ine when the wand i s  "touching" an 
ob ject?  "
Before the  "touching" problem can be solved, i t  i s  necessary to  
define ex ac tly  what is  meant by "touching ." A " se n s itiv e  cube" was 
defined  to  be centered  about the wand cursor and to  move w ith the cursor 
in  such a way th a t  the cube is  always aligned  w ith the room coordinate 
system. Any p o in t o f a sy n th e tic  o b jec t which f a l l s  w ith in  th is  
" se n s itiv e  cube" meets the "touching" c r i t e r i a .  However, i f  sev e ra l 
p o in ts  meet the "touching" c r i t e r i a  sim ultaneously , only one of them 
may a c tu a lly  be considered as "touched" by the wand. C urren tly  only 
endpoints o f l in e  segments can be "touched" in  th is  manner. Figure 17 
shows a 2-D re p re se n ta tio n  of the " se n s itiv e  cube" and endpoints meeting 
and not meeting the "touching" c r i t e r i a .  This " se n s itiv e  cube" may be 
v aried  in  s iz e  by the observer while using S o rc e re r 's  A pprentice. One 
of the implementation goals was to  l e t  the potentiom eter be the means 
of variance .
An "obvious so lu tio n "  to  the "touching" problem would be to  compare 
the p o s itio n  of the wand w ith th a t  o f every endpoint in  the d isp lay  
f i l e  to  see which endpoints are w ith in  the " se n s itiv e  cube." For a 
few simple o b jec ts  or w ith the help  of sp ec ia l comparison-making hardware 
[16], th is  so lu tio n  may work. Otherwise, comparison time fo r a la rg e  
number of endpoints could severely  l im it  CRT re fre sh  r a te .
F o rtunate ly  a very e f f ic ie n t  softw are so lu tio n  was found using 
p ro p e rtie s  of the hashing scheme and p o in te rs  (Fig. 15). The X, Y,
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SENSITIVE CIBE 
(MOVES WITH WAND cursor)
Fig. 17: Two-dimensional rep re se n ta tio n  
of wand cu rso r and " se n s itiv e  cube."
F ig . 18: Two-dimensional re p re se n ta tio n  
of wand cu rso r and tru n c a tio n  cubes.
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and Z values of wand p o s itio n  as w ell as of a l l  o b jec t endpoints are 
truncated ; th is  tru n c a tio n  d iv ides space in to  small s ta tio n a ry  
" tru n ca tio n  cubes" and gives the same hash code to  a l l  p o in ts  w ith in  a 
cube. Thus by checking the wand p o s itio n  a g a in s t those p o in ts  linked  
by "same hash" p o in te rs ,  one is  r e a l ly  checking only those endpoints 
which l i e  w ith in  the tru n c a tio n  cube cu rren tly  con tain ing  the wand 
cursor o r w ith in  o th e r tru n c a tio n  cubes having the same hash code as 
the cursor cube.* The tru n c a tio n  cube cu rre n tly  contain ing  the wand 
curso r i s  c a lle d  the "cursor cube;" those tru n c a tio n  cubes having the 
same hash code as the cursor cube are c a lle d  "same hash cubes."
The concept o f cu rso r and tru n c a tio n  cubes may be c lea red  up by 
the 2-D re p re se n ta tio n  in  Figure 18. This fig u re  shows a few of the 
tru n c a tio n  cubes which f i l l  space around the observer. The cursor cube, 
as i s  the case w ith a l l  tru n c a tio n  cubes, i s  immovable. However, as 
the cursor is  moved from cube to  cube, d if f e re n t  tru n c a tio n  cubes w ill  
be designated  as the cu rso r cube. In Figure 18, cube 5 i s  the cursor 
cube; i f  the cursor were moved in to  cube 6 th a t  cube would then become 
the cursor cube. Truncation cube s iz e ,  dependent on the number of 
b i t s  tru n ca ted , i s  fixed  before any o b jec t i s  en tered  in to  S o rc e re r 's  
A pprentice. The number of "same hash cubes" depends on th e  length  of
*Cubes having the same hash code as the cu rso r cube form varying 
geom etric p a tte rn s  in  space depending on how the tru n c a tio n  i s  done.
For the  case where X, Y, and Z are  tru n ca ted  and then summed, we 
have cubes forming diagonal p a tte rn s  throughout space. For the  case 
where X, Y, and Z are  summed and then tru n c a ted , we d o n 't  ge t cubes 
a t  a l l ;  in s tead  we ge t diagonal s la b s . This l a t t e r  method was found 
to  make the a c t  o f "touching" a l i t t l e  e a s ie r  and is  cu rre n tly  used. 
N evertheless, fo r  the sake of s im p lic ity , re ference  w ill  s t i l l  be 
made to  in d iv id u a l tru n c a tio n  and curso r "cubes" in  the te x t .
the s c a t te r  index ta b le .*  Most "same hash cubes" contain  no endpoints 
and th e re fo re  w ill  no t impede the  checking process.
Tests show th a t  the tru n c a tio n  scheme makes fa r  fewer checks 
than the "obvious so lu tio n "  to  determ ine i f  the wand is  "touching" an 
endpoint. The "obvious so lu tio n "  req u ires  th a t  the "touching" c r i t e r i a  
be app lied  to  each endpoint in  the d isp lay  f i l e .  The tru n c a tio n  scheme 
can reduce the checks to  only a handful and o fte n  to  none. P resen tly  
w ith a tru n c a tio n  of 9 b i t s  ou t of 36, corresponding to  a cursor cube 
length  of one inch , and w ith an index ta b le  s iz e  of 1001, an average 
of only 33 endpoints are  checked each frame when 1000 endpoints of 
data  are used.
There i s  a minor problem in h eren t to  the tru n c a tio n  scheme. I t  
i s  th a t  the "touching" c r i t e r i a  can be su ccess fu lly  met only when an 
endpoint i s  w ith in  the cursor cube or an ad jacen t "same hash cube."
Thus, the endpoint in  Figure 18 may avoid d e tec tio n  of being touched 
even though i t  i s  d e f in ite ly  w ith in  the s e n s itiv e  cube. This problem 
can be to ta l ly  removed simply by using the "touching" c r i t e r i a  on a l l  
endpoints w ith in  a l l  tru n c a tio n  cubes enveloping the cursor cube. Thus 
by checking p o in ts  w ith in  27 cubes, one could be c e r ta in  o f find ing  
any endpoint w ith in  a d is tan ce  from the cursor equal to  the leng th  of 
the cursor cube. In  the 2-D s i tu a t io n  of Figure 18, th is  would 
correspond to  checking p o in ts  w ith in  a l l  9 cubes shown. For th is  
so lu tio n  to  work, i t  i s  necessary th a t  LS < LC where LS is  the " se n s itiv e  
cube" length  and LC is  the cursor cube len g th . In  p ra c t ic e ,  "touching" 
works b e s t when LS < LC; a r a t io  of 1:4 has been found to  work n ice ly .
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*See "Wand D ata S t r u c tu r e ,"  C hapter I I I .
Also, in  p ra c t ic e ,  only the s ix  tru n ca tio n  cubes having su rfaces common 
w ith the cursor cube have been checked in  ad d itio n  to  the cursor cube. 
I t  was very re ce n tly  d iscovered , however, th a t  an observer can sense 
very l i t t l e  d iffe ren ce  between a program checking ju s t  the cursor cube 
and one checking seven cubes. In the t e s t  r e s u lt in g  in  33 checks per 
1000 endpoin ts, a l l  p o in ts  w ith in  the seven cubes were being checked. 
C erta in ly  the number of checks would have been lower i f  only the cursor 
cube had been considered.
CHAPTER V 
USING SORCERER'S APPRENTICE
Finding so lu tio n s  to  the communication, data  s tru c tu re ,  "no 
hardware," and "touching" problems was necessary  before the  f i r s t  
version  o f S o rc e re r 's  Apprentice could be made o p e ra tio n a l. There a re , 
however, numerous o ther problems, s u rp r is e s , and breakthroughs which 
continue to  appear during im plem entation and subsequent use o f the 
system. The author hopes th a t  the many fa u l ts  po in ted  out w ill  not 
downgrade the system in  the mind of the  reader. These f a u l ts  are 
mentioned merely as guideposts fo r those developing s im ila r  system s.
S tereo
W ithout s te re o  and w ith the same view sen t to  both of the observer' 
eyes, the a b i l i ty  o f the observer to  judge depth i s  very poor. For 
example, an observer must do a l o t  of head moving to  determine the 
shape and p o s itio n  of an u n fam ilia r sy n th e tic  o b jec t. A cube is  
e a s ily  recognizable from nearly  any view, bu t when one corner o f the 
cube is  DEFORMED (Fig. 12) the observer must move around q u ite  a 
b i t  to  lea rn  the new p o s itio n  of the corner.
The a b i l i ty  of the  head-mounted d isp lay  to  superimpose sy n th e tic  
o b jec ts  onto r e a l  ones p a r t ia l ly  counters the depth judgement problem.
A s ta tio n a ry  observer looking only a t  a sy n th e tic  o b jec t cannot t e l l  
whether the o b jec t i s  sm all and near or la rg e  and fa r  away. When 
seeing  a two inch cube, most observers i n i t i a l l y  assume i t  to  be la rge  
and fa r  away. Even a f te r  moving around the cube, one o r two observers
s t i l l  refused  to  be liev e  the  cube was sm all bu t in s tead  be lieved  i t  
was moving as they moved. Only a f te r  a re a l  o b je c t, such as the wand, 
was held  near the cube would they admit th a t ,  indeed, i t  appeared 
small and s ta tio n a ry . For most novice observers th is  a b i l i ty  to  
compare sy n th e tic  o b jec ts  w ith r e a l  o b jec ts  seems to  be an extremely 
h e lp fu l fea tu re  of the S o rc e re r 's  Apprentice system. ‘
Even w ith the  problem of depth judgement, many observers discovered 
th a t  fo r fa m ilia r  shaped sy n th e tic  o b jec ts  motion tends to  supplant 
s te re o . That i s ,  most people who saw a cube through the  head s e t  fo r 
the f i r s t  time did  not r e a l iz e  they were seeing the  same image w ith 
both eyes — they a c tu a lly  thought they were viewing a s te reo  image.*
A re la te d  su rp r ise  i s  th a t  even w ithout s te re o  the head-mounted 
d isp lay  removes the  " in s id e -o u t"  o p tic a l i l lu s io n  common to  2-D lin e  
drawings. I t  was thought th a t  i f  motion and p e rsp ec tiv e  could be 
added to  these drawings, the o p tic a l  i l lu s io n  could be e lim inated . But 
watching a moving cube on a 2-D CRT monitor proved d i f f e r e n t ly .  Through 
the head s e t ,  however, when the motion was th a t  of the  observer, the 
same cube appeared w ith no " in s id e -o u t"  i l lu s io n .  Furtherm ore, when 
one CRT in  the  head s e t  was turned o f f ,  many observers s t i l l  f e l t  they 
were seeing  the cube w ith both eyes — in  s te reo !
Undoubtedly s te reo  viewing would help  w ith the problems of judging 
d is tan ce  and recognizing  un fam ilia r shapes, however, s te reo  does have 
some disadvantages. One d isadvantage, in  ad d itio n  to  increased  c o s ts , 
is  th a t  s te reo  req u ire s  twice the computation and d isp lay  time fo r
*This thought was undoubtedly weighted by th e i r  observation  th a t  
the  head s e t  was designed fo r s te reo sco p ic  viewing.
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every function  from the  m atrix  m u ltip lie r  to  the head s e t .  Right now, 
the ad d itio n  of s te re o  would reduce the number o f f l ic k e r - f r e e  vec to rs  
to  alm ost one h a lf .
V isual Feedback
V isual feedback plays an im portant ro le  when in te ra c t in g  with 
sy n th e tic  o b je c ts . As used h ere , v isu a l feedback is  the  inform ation 
gleaned by an eye which can be used to  confirm or r e je c t  an event 
o r s i tu a t io n .  For example, i t  i s  v isu a l feedback which im parts rea lism  
to  sy n th e tic  o b jec ts  when they appear on, near, o r in s id e  r e a l  o b je c ts . 
In  th is  case the eye confirms the s ta t io n a r i ty  of a sy n th e tic  o b jec t 
by comparing i t  to  a re a l  o b jec t.
Two o th er v isu a l cues have been programmed to  aid  an observer 
in  "touching" a sy n th e tic  o b je c t. Whenever the v e rtex  of an o b jec t 
is  found w ith in  the  " se n s itiv e  cube" (Fig. 17) centered  about the wand 
cu rso r, the cursor appears to  "jump" to  the v e rtex  as though drawn by 
a magnet. The moving wand no longer in flu en ces the  cursor u n t i l  the 
" s e n s it iv e  cube" passes by the v ertex  a t  which time the  cursor "jumps" 
back and continues moving w ith the  wand. The second cue appears a f te r  
the cursor has "jumped" to  a v e rtex . This v ertex  i s  then d isp layed  as 
a b r ig h t spo t (Fig. 12). Without these two cues, i t  i s  very d i f f i c u l t  
fo r  an observer to  know when he has "touched" an o b je c t, and drawing 
a l in e  from an e x is t in g  vertex  is  nearly  im possible.
Some v isu a l feedback has a negative e f f e c t .  Because of e r ro r  in  
determ ining wand p o s itio n  or head p o s itio n  and o r ie n ta tio n , fo r 
in s tan ce , the  wand cursor does no t always s tay  d ire c t ly  above the  wand.
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This discrepancy in  the r e la t iv e  p o s itio n s  of the wand and cursor is  
d is t r a c t in g ,  however, only i f  the v a r ia t io n  is  more than a couple of 
inches. Even when the v a r ia tio n  is  g re a t ,  an observer can reduce the 
negative e f f e c t  by lowering a b lin d e r  which covers the head s e t  
eyepieces. This b lin d e r , v is ib le  in  Figure 2, blocks the o b se rv e r 's  
view of the surrounding room and allows him to  see only the sy n th e tic  
o b je c ts . Thus, the  b lin d e r o f fe rs  the advantage of reducing v isu a l 
problems o f erroneous wand track in g  and the disadvantage of not allow ing 
v isu a l su p erposition  of re a l  and sy n th e tic  o b je c ts . Veteran users of 
S o rc e re r 's  Apprentice p re fe r  the b lin d e r  down when working w ith fam ilia r  
shaped o b je c ts .
Optics
Much of the  r e a l i ty  of the  head-mounted d isp lay  i l lu s io n  stems 
from the  q u a lity  o f the head s e t  o p tic s . These o p tic s  p re sen t to  the 
observer a remarkably good view of what i s  a c tu a lly  drawn on the 
m in ia tu re  CRT screens. Because the sm all cathode-ray tubes have a one 
m il spo t s iz e ,  each CRT is  ab le to  d isp lay  w ith about the same re so lu tio n  
o b ta in ab le  by a standard  20 m il spo t on a 15 inch screen . Nearly the 
whole p ic tu re  i s  v is ib le  to  an observer as long as the p u p ils  of h is  
eyes are  w ith in  the " e x it  pup il"  which is  a sm all con ical volume 
extending toward the observer from each eyepiece.
The head s e t  o p tic s  do impose sev era l l im ita tio n s ,  one of which 
is  a r e s t r i c t io n  o f the o b se rv e r 's  f ie ld  o f view. To o b ta in  a 
reasonably la rg e  e x i t  p u p il i t  was necessary to  l im it  the o b se rv e r 's  
f ie ld  of view of sy n th e tic  o b jec ts  to  about 40 degrees both h o r iz o n ta lly
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and v e r t ic a l ly .  His f ie ld  of view of o b jec ts  w ith in  the room is  
lim ited  by the shape of the  head s e t  to  about 100 degrees v e r t ic a l ly  
but i s  e s s e n tia l ly  u n re s tr ic te d  h o r iz o n ta lly . This r e s t r i c te d  f ie ld  
of view is  not a problem when looking a t  a sp e c if ic  o b jec t bu t i t  
does req u ire  the observer to  tu rn  more than he might otherw ise in  order 
to  ge t a panoramic view.
The e x i t  p u p il i s  s u f f ic ie n t ly  long th a t  those wearing eyeglasses 
may leave them on w hile using S o rc e re r 's  A pprentice. However, i f  
g lasses  are  l e f t  on, the head s e t  harness cannot conveniently  be used. 
The author p re fe rs  to  heave h is  eyeglasses on and hold the head s e t  
in  p lace  w ith h is  free  hand. C urrently  th e re  i s  no way of ad ju stin g  
the  o p tic s  to  compensate fo r v isu a l d efec ts  o f the observer.
Two th ings need to  be made c le a r  concerning the foca l leng th  of 
the head s e t  o p tic s . F i r s t ,  a s in g le  eye looking through a s in g le  
eyepiece must focus near in f in i ty  to  see a sharp image. This focal 
leng th  was dem onstrated by p lac in g  a camera behind an eyepiece and 
focusing on a sy n th e tic  o b je c t. Second, as an observer i s  looking a t  
a sy n th e tic  o b jec t w ith both eyes, the d is tan ce  from h is  eyes to  the 
p o in t of convergence of h is  eyes i s  always th ree  fe e t .  This d is tan ce  
w il l  be re fe r re d  to  as the in te ro c u la r  convergence len g th .
An in te ro c u la r  convergence leng th  of th ree  f e e t  means th a t  only 
when the wand i s  held  a t  th a t  d is tan ce  from the  observer, w il l  he see 
both the  wand and the sy n th e tic  o b jec t as s in g le  images. When the 
wand i s  held  c lo se r , the observer w ill  look a t  i t  and see a double 
image of th e  sy n th e tic  o b je c t o r w il l  look a t  the o b je c t and see a 
double image of the  wand. The author can to le ra te  a s l ig h t  double
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image, but when the wand is  w ith in  about one foo t o f h is  eye, he must 
c lose  one eye or lower the b lin d e r .
A fo ca l length  near in f in i ty  causes problems w ith an observer and 
w ith a camera. The problem to  the observer is  th a t  from a s tandpo in t 
o f focus, sy n th e tic  o b jec ts  never appear r e a l .  When he looks a t  re a l  
o b jec ts  from a d is tan ce  o f th ree  f e e t ,  h is  foca l length  i s  a lso  a t  
th ree  f e e t ,  bu t when he ad ju s ts  h is  eyes so th a t  a sy n th e tic  o b jec t 
appears as a s in g le  image, i t  i s  s t i l l  out o f focus — s im ila r  to  the 
appearance of a re a l  o b jec t seen a t  a d is tan ce  of th ree  fe e t by a 
nearsig h ted  person w ithout eyeg lasses. I t  tu rns o u t, however, th a t  
th is  i s  more of an a id  than a problem because dots out o f focus blend 
b e t te r  to  sim ulate so lid  l in e s .  In f a c t ,  the dots which are  c u rren tly  
used to  sim ulate vecto rs are e le c tro n ic a l ly  defocused to  enhance the 
s im u la tion . S im ila rly , the dots appear out o f focus to  a camera which 
is  focused on o b jec ts  w ith in  th e  room (Fig. 12).
Another d is tra c t in g  fea tu re  about the o p tic s  system i s  th a t  w ith 
an in te ro c u la r  convergence length o f th ree  f e e t ,  sy n th e tic  o b jec ts  
do not b lu r  l ik e  r e a l  o b jec ts  when looked a t  w ith ju s t  one eye from 
very close  range. In  f a c t ,  one is  ab le to  sim ulate the  e f f e c t  of 
p ie rc in g  h is  ey eb a ll w ith a sy n th e tic  l in e  segment going d ire c t ly  
away from him. This p ie rc in g  e f fe c t  i s  fun to  observe and could 
p o ssib ly  be a g re a t advantage fo r  g e ttin g  closeup views of sm all d e ta i l  
in  sy n th e tic  o b jec ts  except fo r the p ra c t ic a l  l im ita tio n s  imposed by 
the  re so lu tio n  of the  head p o s itio n  sensor and the o b se rv e r 's  own 
in a b i l i ty  to  remain p e r fe c tly  s ta tio n a ry . Under the  p re sen t system, 
as an observer i s  attem pting to  p ie rc e  h is  eye w ith a l in e  o r try in g
to  p u t h is  eye r ig h t  on an endpoint, any s l ig h t  motion of h is  head 
causes the  s y n th e tic  image to  jump from one s id e  o f h is  f ie ld  o f view 
to  ano ther. P ossib ly  a fu tu re  version  o f S o rc e re r 's  A pprentice would 
allow an observer to  use h is  own motion to  g e t near some d e ta ile d  
p o rtio n  of a sy n th e tic  o b je c t and then allow him to  sw itch to  
p o ten tio m e te r-co n tro lled  motion fo r a c lo se r look a t  the d e ta i l .
Most o f  the annoying problems w ith o p tic s  could be overcome by 
using an o p tic s  system w ith  sep a ra te ly  ad ju stab le  fo ca l and in te ro c u la r  
convergence len g th s. For most use o f the S o rc e re r 's  A pprentice system, 
even a fixed  in te ro c u la r  convergence leng th  of about 12 to  18 inches 
would help  g re a tly .
P hysical R e s tric tio n s
The most n o ticeab le  ph y sica l r e s t r ic t io n s  o f S o rc e re r 's  A pprentice 
are those imposed by the head p o s itio n  sensor. Although any normal 
motion o f the head i s  p o ssib le  w ith in  the r e s t r i c te d  volume described  
by the head p o s itio n  senso r, o f f-a x is  ex tension  of the sensor p u lls  
a g a in s t the o b se rv e r 's  head. A head harness (F ig. 2) i s  o ften  used 
to  co un terac t the problem o f p u ll  by d is tr ib u tin g  i t  over a la rg e r  
a rea  o f the u s e r 's  head. U nfortunately , when ad justed  to  m aintain 
r ig id  con tac t between head and head s e t ,  the harness i s  p a in fu lly  
t ig h t  and ted ious to  a d ju s t. Without i t ,  though, o n e 's  f re e  arm 
g e ts  very t i r e d  w hile holding the head s e t  in  p o s itio n . Most observers 
do not l a s t  longer than about ten  minutes w ithout the harn ess . Mount­
ing the head s e t  on something l ik e  a f l ig h t  helm et would probably aid  
immensly. P resen tly  both harness and free  hand are  needed fo r  extended
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use of the system; fo r quick looks and dem onstrations o f S o rc e re r 's  
A pprentice to  v i s i to r s ,  the harness is  seldom used.
We are  hoping th a t  one day the  mechanical head p o s itio n  sensor 
w il l  be rep laced  by something le s s  r e s t r i c t iv e ,  say an o p tic a l  device 
using fla sh in g  l ig h ts  and a scanning system l ik e  the  "Burton Box" 
being implemented a t  the U niversity  o f Utah [17]. An e a r l i e r  attem pt 
a t  Utah w ith an u ltra so n ic  head p o s itio n  sensor [12,18] proved i t  to  
be u n sa tis fa c to ry  because of the s e n s i t iv i ty  o f the 40 KHZ s ig n a ls  to  
ex te rn a l noise and because of i t s  in a b i l i ty  to  m aintain co n s is te n t 
tra c k in g . The mechanical device now in  use is  very d i f f i c u l t  to  
a d ju s t such th a t  i t  g ives the  exact p o s itio n  and o r ie n ta tio n  of the 
head. Right now a cube w il l  s h i f t  by two inches when viewed f i r s t  
from one s id e  and then from th e  opposite  s id e .
In  s p i te  o f i t s  in accu rac ies  and r e s t r i c t io n s ,  the  mechanical 
head p o s itio n  sensor has th ree  d i s t in c t  advantages. F i r s t ,  i t  i s  
easy to  m ain tain . Second, the e r ro r  in  i t s  measurement does not 
grow in  time and could be g re a tly  reduced by adding more m atrices to  
th e  eleven which are  now combined to  describe  the  transfo rm ation  from 
room to  head coordinates [6]. Third , the g re a te s t  advantage to  the 
mechanical device i s  th a t  i t  works now and has been working dependably 
fo r  the p a s t  four y ears .
A fter comparing the  "puppet" and u ltra s o n ic  track in g  system s, 
one finds the  m ajo rity  o f advantages in  the "puppet" dev ice. F i r s t ,  
when using the "puppet" device the wand and cord w eight, about 13 oz 
t o t a l ,  a re  counterbalanced by the spring-loaded  "puppet" l in e s .
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W ith in  about a two fo o t  d ia m e te r s p h e re , th e  l in e s  w i l l  h o ld  th e  wand
s ta tio n a ry  when re leased  from the o b se rv e r 's  hand. Second, the 
"puppet" device w il l  tra ck  p ro p erly  a f te r  one of the  l in e s  has been 
bumped. The u ltra s o n ic  dev ice, l ik e  i t s  head p o s itio n  sensing counter­
p a r t ,  tends to  lo se  track ing  when anything passes between the 
transducer and the re c e iv e rs . Loss o f track in g  is  co rrec ted  by 
re -re fe re n c in g  the  wand on a tr ip o d  s e t  in to  th ree  f lo o r  sockets 
(Fig. 1 ). Third , the "puppet" system promises to  be more accurate  
once the  problems of s tre tc h in g  and s lip p in g  of th e  l in e s  are  overcome. 
Even now, these  problems are n e g lig ib le  fo r  slow, s tead y , wand move­
ment. Fourth , the "puppet" w il l  tra c k  wand movement anywhere w ith in  
th e  o b se rv e r 's  reach whereas the u ltra so n ic  t ip  must always remain in  
the  v ic in i ty  under i t s  "shower s t a l l . "  The sp ring-loaded  "puppet" l in e s  
do have a disadvantage in  th e i r  tendency to  in flu en ce  on e 's  hand 
motion along the d ire c tio n  of the l in e .  A lso, the  lin e s  are su b jec t 
to  s lip p in g  and s tre tc h in g  and are  o ccasio n a lly  bumped by the head 
p o s itio n  senso r. With th e  b lin d e r  down, however, an observer i s  o ften  
unaware o f such a bump. S t i l l ,  w ith  the  "puppet" wand one i s  un­
in h ib ite d  w ith in  the m ajo rity  o f reachable volume. A ll in  a l l ,  the 
"puppet" device i s  more r e l ia b le  and more accurate  than the u ltra so n ic  
device and i s  p re fe rre d  by most.
In  wand tra ck in g , to o , the  "Burton Box" o r a s im ila r  system could 
a l le v ia te  some problems. The box is  designed to  tra c k  the p o s itio n  
of 64 l ig h ts  a t  the  r a te  of 15 times p er second. T herefore , th ree  
l ig h t  could serve fo r  determ ining head p o s itio n  and o r ie n ta tio n  and a 
fo u rth  fo r  determ ining wand p o s itio n . E ventually  each fin g e r  might be 
equipped w ith a l ig h t  to  allow an observer to  "grab" a sy n th e tic  
o b je c t and m anipulate i t  w ith h is  hand.
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Drawing 3-D p ic tu re s  i s  an unusual experience. Some th ings 
which are easy on 2-D systems are very d i f f i c u l t  using S o rc e re r 's  
A pprentice and v ic e -v e rsa . For example, i t  i s  very d i f f i c u l t  to  
draw free-hand  p lan ar fig u res  w ith the wand. Such drawing could be 
aided by adding a command th a t  would au tom atically  fo rce  designated 
l in e s  to  be coplanar w ith both a re fe ren ce  l in e  and a re fe ren ce  do t.
D if f ic u l t ie s  in  "touching" a s p e c if ic  vertex  seem to  be reduced 
by ZOTting in s te a d . Even w ith v isu a l feedback cues, i t  i s  somewhat 
d i f f i c u l t  to  "touch" a s p e c if ic  v ertex  because o f one 's  in a b i l i ty  to  
judge depth. Depth cues from an o b se rv e r 's  own motion are in e f fe c tiv e  
because he remains s ta tio n a ry  w hile " touching ." S tereo  might help 
b u t according to  Noll [5], the a c t o f "touching" i s  d i f f i c u l t  even 
w ith s te re o . Of course, N o ll 's  system lacked the  su p erp o sitio n  of 
th e  co n tro l and observation  volumes found in  S o rc e re r 's  A pprentice. 
However, the ZOT extension  o ffe rs  a p r a c t ic a l  a l te rn a t iv e  to  the 
d i f f i c u l t i e s  encountered in  try in g  to  "touch" w ithout depth judgement. 
ZOT works by p o in tin g  a t  a v ertex  and l e t t in g  the  program fin d  i t s  
depth. For comparative purposes, th ree  s tu d en ts  who had never befo re  
looked through the  head s e t  were asked to  DEFORM a cube to  a dot f i r s t  
w ithout and then w ith the a id  o f ZOT. The unaided deform ation was 
completed in  about 10 minutes by only one s tu d en t; the o th er two gave 
up a f te r  th a t  leng th  of tim e. The aided deform ation took between two 
and f iv e  m inutes. The same ta sk  took the  au thor 45 and 80 seconds, 
re sp e c tiv e ly . The a d d itio n a l time taken by the au thor using ZOT can 
be explained  by the ad d itio n a l wand sw itch m anipulation req u ired  and
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In te r a c t io n
by the author's unfamiliarity with the newly implimented ZOT extension. 
For "touching" vertices of unknown location, ZOT is extremely useful 
to both new and experienced observers.
With the DEFORM command it is very easy to change the shape of 
a cube but it is very difficult to change it to some other meaningful 
shape. To move the vertex of a cube and then put it back where it 
was is next to impossible. Also, as in the case of the planar figures 
above, it is virtually impossible to DRAW any perfect geometric shape.
I f  re g u la r  shapes are d es ired , th e re  are sev e ra l methods through which 
they may be ob tained . F i r s t ,  S o rc e re r 's  A pprentice might be expanded 
so th a t  a cube could be made to  appear by p o in tin g  to  a w all ch a rt 
p ic tu re  o f a cube. Second, geom etric c o n s tra in ts  [14] might be used 
whereby one could in d ic a te  the approximate s iz e  o f a cube and invoke a 
command to  draw the  p re c ise  o b je c t. Third , one could use panel sw itches 
o r a te le ty p e  to  c rea te  known shapes, though th is  method removes the 
freedom o f an observer to  in te r a c t  from wherever he might be.
Some u sefu l tasks can be done w ith r e la t iv e  ease using S o rc e re r 's  
A pprentice. One such task  i s  to  DRAW lin e s  between e x is tin g  v e r t ic e s ,  
e .g . to  DRAW the diagonal o f a cube. F i l l in g  space w ith a 3-D g rid  
o f v is ib le ,  immovable p o in ts  which become b r ig h t when "touched" would 
allow an observer to  DRAW a cube, a b u ild in g , o r a p iece  o f fu rn itu re  
having predom inantly rec tan g u la r fe a tu re s . One observer was ab le to  
DRAW a p e rfe c t cube in  th is  manner in  only 75 seconds. Of course, 
i t  i s  a t r i v i a l  m atter to  tra c e  2-D maps or photographs w ith the wand 
and tra c in g  many 3-D o b jec ts  i s  nearly  as easy. For example, a ch a ir 
was tra ced  in  le s s  than one m inute. Also, sim ulating  the in te rs e c tio n
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of two a r te r ie s  [19] took a to t a l  of f iv e  to  s ix  hours over a two week 
period  on a 2-D system but probably could be done in  le s s  than 10 
minutes using a S o rc e re r 's  Apprentice w ith , say, 200 f l ic k e r - f r e e  l in e  
c a p a b ility . The two a r te r ie s  were rep resen ted  on a d isp lay  by two 
square mesh sheets  ro lle d  in to  cy linders  and were p laced a t  an angle 
of 60 degrees to  each o th e r . The problem was to  DEFORM the second so 
th a t  i t  f i t  snugly a g a in s t the f i r s t  and to  ERASE p a r t  o f the f i r s t  so 
th e re  would be a c le a r  passage through i t  in to  the second.
Although 24 was mentioned as the maximum number o f f l ic k e r - f r e e  
v ec to rs , one can draw up to  70 sc reen -len g th  vecto rs a t  7 frames per 
second, which i s  the ra te  a t  which f l ic k e r  becomes in to le ra b le  to  the 
au thor. An even g re a te r  number of sh o rt vec to rs  can be d isp layed  in  
the same tim e. With the head-mounted d isp lay  hardware in  o p era tio n , 
the  number of f l ic k e r - f r e e  vecto rs should be w ell over 600.
One's a b i l i ty  and th e re fo re , to  some e x te n t, one 's  d e s ire  to  
in te r a c t  w ith 3-D o b jec ts  in  a 3-D environment grows w ith repeated  use 
of S o rc e re r 's  A pprentice. Many f i r s t  time users o f the  system fe e l 
d isappoin ted  or discouraged, though the  la rg e  m ajority  are awed and 
q u ite  favorably im pressed. One th in g  common to  nearly  a l l  informed 
" f i r s t  tim ers" i s  the s l ig h t  t im id ity  th a t  comes from knowing of the 
1,800 v o lts  only a f ra c tio n  of an inch from th e i r  temples w hile wearing 
the head s e t .
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CHAPTER VI 
FUTURE OF SORCERER'S APPRENTICE
I t  i s  in tr ig u in g  y e t somewhat d i f f i c u l t  to  imagine what i t  would 
be lik e  to  use a 600 f l ic k e r - f r e e  lin e  S o rc e re r 's  Apprentice judging 
from the 24 l in e  v ersion . Most use o f the cu rren t version  has been 
fo r b r ie f  dem onstrations and debugging. With 24 lin e s  th ere  i s  ju s t  
enough inform ation to  evaluate  the da ta  s tru c tu re  and get some ideas 
concerning wand in te ra c tio n  by try in g  out a few commands.
P resen tly  the magnetic tape d rive  in te rfa c in g  ro u tin es  along with 
the f a c i l i t i e s  to  DRAW, ERASE, DEFORM, TRANSLATE, TRACK, ZOT, and 
change modes a re  implemented. These commands appear very u sefu l fo r 
such operations as a l te r in g  the sim ulated in te rs e c tio n  of two a r te r ie s  
Some o f the  most u sefu l commands not y e t implemented appear to  be the 
ZOOM and SCALE ex tensions, MOLD, FUSE, ROTATE, and MOTATE, and the 
a b i l i ty  to  c rea te  b asic  3-D shapes or "p rim itives"  [20] by p o in tin g  
to  th e i r  p ic tu re s  on w all c h a r ts .
By way of a p p lic a tio n , m ach in ists , eng ineers, a r c h i te c ts ,  medical 
re sea rc h e rs , and anyone working w ith 3-D o b jec ts  and concepts are 
p o te n tia l  users o f the S o rc e re r 's  A pprentice system. They could use 
i t  to  c re a te , analyze, and modify (Fig. 12,13) these o b jec ts  in  re a l 
time and w ithout the drudgery of updating hard copy. One medical 
re sea rch er d isp layed  an electrocard iogram  as a function  of time and 
was th r i l l e d  to  walk around the re s u lt in g  s p i r a l ,  viewing i t  from many 
ang les . Another re sea rch er used the  head s e t  to  sim ulate the  "view" 
of a b lin d  person "seeing" w ith the  a id  o f an a r t i f i c i a l  eye now under 
development [21].
Since the head-mounted d isp lay  system can sim ulate a very r e a l i s t i c
3-D environment, i t  would seem the p e rfe c t to o l fo r human viewing of 
changing 3-D s itu a tio n s  such as a i r  t r a f f i c  co n tro l [22] might re q u ire .
The wand could be used to  p o in t a t  an a i r c r a f t ,  sim ulated by a tr ia n g le  
tra c in g  a 3-D path  in  the c o n tr o l le r 's  environment, in  order to  e s ta b lis h  
communication with th a t  a i r c r a f t .  On an a i r c r a f t  c a r r ie r  the 3-D 
environment could be a sim ulation  of the  a irsp ace  over the c a r r ie r .
Through the head s e t ,  the o f f ic e r  in  charge could see rep re sen ta tio n s  
of a l l  a i r c r a f t  in  the v ic in i ty  of the c a r r ie r .  With the wand he could 
"pu ll"  on a sy n th e tic  a i r c r a f t  causing a message to  be e le c tro n ic a lly  
re layed  to  the p i l o t  as a suggested change of course.
S uperposition  of re a l  and sy n th e tic  o b jec ts  provides the to o l for 
adding sy n th e tic  l in e s  to  such th ings as w a lls , maps, desk to p s , 
schem atics and ty p ew rite r keys [2]. With 3-D su p erp o s itio n , one could 
check to  see how c lo se ly  the computer model of an o b jec t f i t s  the ac tu a l 
o b je c t o r how c lo se ly  an o b jec t was manufactured to  computer s p e c if ic a tio n s .
Graphical a r t  fo r magazines and tech n ica l p u b lica tio n s  i s  another 
area wherein S o rc e re r 's  A pprentice may be u se fu l. For in s tan ce , Figure 
14 was done by photographing a s i tu a t io n  from a monitor CRT w hile an 
observer using the  head s e t  picked the app rop ria te  view. The o b jec ts  
were p o s itio n ed  by the inpu t program w ith the room o r ig in  a t  (0 ,0 ,0) , 
the cube o r ig in  a t  (0 ,4 ,4 ) , and the head o r ig in  a t  (4 ,0 ,8) inches. A fter 
the photographing of the cube and th re e  coordinate system s, th e  observer 
walked over and looked down the  Z-axis o f the head coord inate  system a t  
the cube. The in s e r t  shown in  a sim ulated  CRT is  exac tly  what he saw 
a f te r  the coordinate  systems had been ERASED. Thus, w ith only the
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e f f o r t  o f walking a few s te p s , a l l  the sy n th e tic  vec to rs  — each of 
which is  two inches in  length  — appear on a drawing in  th e i r  tru e  
p o s itio n  and p e rsp ec tiv e .
There are sev era l nontechnical ap p lica tio n s  fo r which S o rc e re r 's  
A pprentice seems p a r t ic u la r ly  w ell su ite d . An obvious one is  th re e ­
dim ensional, w ire frame a r t .  Also, w ith l ig h ts  on o n e 's  f in g e rs , the 
"Burton Box" could help  provide the  means fo r modeling w ith sy n th e tic  
clay or scu lp tin g  a p iece o f sy n th e tic  marble. P sycholog ists  could 
vary the param eters o f head p o s itio n  sensing and wand track in g  thus 
causing o b jec ts  to  get sm aller as one approached them. Such v a r ia tio n s  
[6] are easy to  make and could be used to  see how people re a c t  to  
c e r ta in  c o n tro lla b le  phenomena involv ing  motion and v isu a l p ercep tio n .
Wire frame drawings are a lso  adequate fo r  viewing 3-D L is sa jo u s ' 
f ig u re s  (Fig. 6 ) , m athem atical equations, m olecules, nervous system s, 
and fo r doing f l i g h t  s im ulations and b a s ic  s tr u c tu ra l  design and 
m od ifica tion , bu t fo r some ap p lica tio n s  i t  would be n ice to  improve 
upon th e  q u a lity  of th ese  drawings. I t  would probably be advantageous 
to  add an o p tio n a l algorithm  [23] fo r removing lin e s  which would be 
hidden from view i f  th e  sy n th e tic  o b jec ts  were s o lid s . To do th is  
would req u ire  modifying the  cu rren t line-segm ent o rie n te d  data  s tru c tu re  
to  a polygon o rie n te d  s tru c tu re .  This h id d en -lin e  c a p a b ility  would 
allow a c i ty  p lanner o r highway department engineer to  view a layout 
as i t  would appear from any d es ired  vantage p o in t and to  modify the 
plan i f  necessary . With the recen t development of a re a l  time hidden 
su rface  remover and continuous-tone p ic tu re  generator [24], i t  is  
p o ss ib le  th a t  a fu tu re  version  of S o rce re r ' s A pprentice w il l  not be
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r e s t r ic te d  to  w ire frame drawings. I t  would then be even more u sefu l 
fo r v isu a liz in g  and in te ra c t in g  w ith so lid  sy n th e tic  o b jec ts  and 
s tr u c tu r e s .
In  ad d itio n  to  includ ing  a hidden lin e  algorithm  and a continuous- 
tone p ic tu re  generato r in  S o rc e re r 's  A pprentice, th e re  are  many avenues 
fo r fu tu re  development and research . Development could be made along 
the lin e s  o f a v a riab le  o p tic s  system, a helmet-mounted d isp lay , a 
more randomly d is tr ib u te d  hash code scheme, and a working po ten tiom eter. 
Future research  should be done in  the  areas of holographic background, 
new commands, new c o n s tra in ts ,  in te ra c tin g  with w all p ic tu re s  of 
p r im itiv e s , and in te ra c tin g  w ith l in e  segments a t  p o in ts  o th er than 
ju s t  the v e r t ic e s .
G etting back to  the p re se n t, the f i r s t  s tep s  fo r an improved 
S o rc e re r 's  A pprentice are  to  rep lace  the tem porarily  removed sp ec ia l 
purpose hardware, to  a c tiv a te  the s te re o  fe a tu re s , to  change th e  head 
s e t  fo ca l len g th s , and to  find  a le s s  r e s t r i c t iv e ,  more accurate  head 
p o s itio n  sensor. N evertheless, even w ithout m odification  and with 
the  problems and r e s t r ic t io n s  mentioned in  the  previous chap ter, the 
i l lu s io n  p resen ted  by the head-mounted d isp lay  is  very r e a l i s t i c  and 
in te ra c tio n  w ith the wand i s  very n a tu ra l .  The S o rc e re r 's  Apprentice 
system stands as a unique to o l w ith ex c itin g  p o te n tia l  fo r 3-D in te r ­
ac tio n  in  a 3-D environment.
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CHAPTER VII 
CONTRIBUTIONS OF SORCERER'S APPRENTICE
With the  major developmental problems b e se ttin g  the S o rc e re r 's  
A pprentice system now solved, the system has sev era l a t t r a c t iv e  
a t t r ib u te s  found in  few 3-D graphic system s. From the head-mounted 
d isp lay  system come the a b i l i t i e s  to  superimpose 3-D sy n th e tic  ob jec ts  
onto a r e a l  3-D environment and to  change one' s view of such a sy n th e tic  
o b jec t by one 's  own motion ra th e r  than by a r t i f i c i a l  means. Those 
a t t r ib u te s  r e s u l t in g  from the ad d itio n  of the  wand system include 
the a b i l i ty  to c rea te  and modify 3-D s tru c tu re s  d ire c t ly  by n a tu ra l 
p o in tin g  motions ra th e r  than in d ire c t ly  by pushing bu ttons or tw is tin g  
knobs and the a b i l i ty  to  in te r a c t  with both r e a l  and sy n th e tic  o b jec ts  
in  a 3-D environment.
Several hidden, though no le ss  im portant, co n trib u tio n s  need to  
be mentioned. The f i r s t  i s  the ap p lica tio n  o f hash addressing  to  
geom etrical d a ta . From th is  a p p lic a tio n  comes an easy and concise 
so lu tio n  to  the problem of "touching" a 3-D sy n th e tic  o b je c t w ith a 
wand. The hashing a lso  o ffe rs  an a l te rn a te  softw are so lu tio n  to  the 
2-D windowing problem [9] which confronts many com puter-aided c i r c u i t  
board layout people. Another c o n trib u tio n  i s  the development of a 
f a i r ly  ex tensive and expandable in te ra c t iv e  graphics language which 
operates from the inpu ts  of only four b u tto n s , a s lid e  sw itch, and a 
po ten tiom eter. The conciseness o f the  language r e s u l ts  from in te ra c tio n  
w ith an inanim ate w all c h a r t. A dual-copy data s tru c tu re  and a th ree  
s tep  s ta te  ta b le  help  supply the mechanism fo r r e a l  time in te ra c tio n
using th is  language. A le s s e r  c o n trib u tio n  is  the  softw are package 
w ith the app rop ria te  b e l l s ,  w h is tle s  and mathematics to  operate  the 
head-mounted d isp lay .
M iscellaneous co n trib u tio n s  and confirm ations to  the pool of 
general knowledge include the follow ing: (1) a very r e a l i s t i c  3-D 
d isp lay  can be made w ithout s te re o , (2) w ithout s te re o , motion and 
p ersp ec tiv e  added to  2-D w ire frame drawings reso lv es the " in sid e -o u t"  
o p tic a l  i l lu s io n  only i f  the motion i s  th a t  of the  observer, (3) i t  i s  
p o ss ib le  to  have lim ited  r e a l  time in te ra c tio n  w ith 3-D sy n th e tic  
o b jec ts  w ith only softw are.
A s ig n if ic a n t  co n trib u tio n  of any f ir s t-g e n e ra t io n  system i s  the 
inform ation gleaned from i t s  development and use which i s  ap p licab le  to 
l a t e r  generation  system s. I t  i s  the a u th o r 's  hope th a t  in  th is  re sp e c t, 
a lso , w i l l  the S o rc e re r 's  A pprentice experiment be u se fu l.
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APPENDIX A 
DETAILED LIST OF WAND COMMANDS
Communication from an observer to  the computer v ia  the wand is  
l im ite d  to  four pushbuttons, a s lid e  sw itch, and a po ten tiom eter. To 
augment communication, modes are used. The commands invoked by pushing 
the four buttons are  redefined  by each mode.
When the s l id e  sw itch i s  pushed up one can e i th e r  use an ex tension  
or change modes. There i s  the p o s s ib i l i ty  o f confusion when one wants 
to  change modes and sy n th e tic  o b jec ts  e x is t  between him and the ch a rt. 
This confusion i s  reso lved  by r e s t r i c t in g  mode changes to  the use o f 
bu tton  B1 and ex tension  co n tro l to  the use of the po ten tiom eter. The 
r e s t  o f the bu ttons become impotent during the time the s l id e  sw itch 
i s  up. When the s l id e  sw itch i s  pushed down, the mode in  use p r io r  
to  pushing i t  up w il l  again be in  e f f e c t .  With the sw itch down, the 
po ten tiom eter can co n tro l only the s iz e  of the wand " se n s itiv e  cube."
The commands invoked by pushing bu ttons B1 through B4 are described  
below. The a c tiv a tin g  bu tton  i s  in d ica ted  in  p a ren th esis  follow ing 
the name of the command. Those th a t  have a c tu a lly  been implemented a t  
th is  time are in d ica te d  by an a s te r is k .
A lte r Mode
This mode i s  used fo r changing the shapes o f sy n th e tic  o b je c ts .
DEFORM* (Bl) — DEFORM has no e f fe c t  i f  a p o in t on a 
sy n th e tic  o b je c t i s  ou tsid e  the  " s e n s i t iv i ty  cube." O therw ise, the
coordinates o f the f i r s t  p o in t found w ith in  the cube are rep laced  by 
the coordinates o f the wand cursor as long as B1 i s  pushed. In  o ther 
words, the v ertex  in d ic a ted  i s  "dragged" by the wand and a l l  l in e s  
i n i t i a l l y  a ttach ed  to  the v e rtex  remain a ttach ed  (Fig. 12).
ELONGATE (B2) — This is  s im ila r  to  DEFORM except th a t  
a v ertex  w il l  follow  the  cursor only along a c e r ta in  major lo c a l coor­
d in a te  ax is of an o b jec t. Not ju s t  the p o in t w ith in  the " s e n s i t iv i ty  
cube" i s  moved, bu t a lso  every p o in t which l i e s  a t  le a s t  as fa r  from 
the o r ig in  along the in d ica ted  ax is as the "touched" p o in t. Thus, a 
cube could be ELONGATEd in  th e  d ire c tio n  of i t s  p o s itiv e  X axis by 
"touching" one p o in t having a p o s itiv e  X coordinate and moving the 
wand outward along the  X ax is . Once the group of v e r tic e s  to  be moved 
has been e s ta b lish e d  by outward movement along an a x is , the group w ill  
follow  the component o f wand motion along th a t  ax is u n t i l  B2 is  
re lea sed . Thus, to  "squash" a cube, one needs to  "touch" a v e rtex , 
move outward along an ax is  to  e s ta b lis h  the ax is and the group of 
v e r t ic e s ,  and then rev erse  motion along th a t  a x is . A cube may be 
"turned  in s id e -o u t"  in  th is  manner. Because o f the na tu re  of th is  
command, o b jec ts  w ill  always m aintain p e r fe c t  geom etrical shape, i . e . ,  
rec tan g u a lr p a ra lle lep ip ed s  w ill  always remain rec tan g u la r p a r a l le l -  
p ipeds. Once th e  ax is  and group o f v e r tic e s  are e s ta b lish e d , i t  is  
not necessary th a t  the i n i t i a l l y  "touched" v ertex  remain w ith in  the 
" se n s itiv e  cube."
. MOLD (B3) — I f  a v ertex  i s  w ith in  the  " se n s itiv e  cube"
when B3 is  pushed, th is  v ertex  w il l  be "dragged" as w ith the DEFORM 
command and a l l  the o th er v e r tic e s  o f th a t  o b jec t w ill  move r e la t iv e
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to  the o b je c t 's  o r ig in  in  the  same p ro p o rtio n . Thus, i f  the wand moves 
the "touched" v ertex  d ire c t ly  away from the o r ig in ,  the o b jec t i s  
sca led  up; i f  the wand moves away from the o b je c t 's  o r ig in  in  a path  
p a r a l le l  to  an ax is , the o b jec t i s  lengthened both in  the d ire c tio n  of 
the wand motion and in  the opposite  d ire c tio n . The v ertex  i n i t i a l l y  
"touched" w ith the cursor w il l  remain co inciden t a t  a l l  times u n t i l  B3 
i s  re leased .
OOPS (B4) — As Bl, B2, and B3 are pushed, a copy is  made of 
the p o s itio n , o r ie n ta tio n , and shape o f a l l  o b je c ts . The OOPS button  
w il l  cause the program to  d isca rd  the most recen t a l te r a t io n  and to  
d isp lay  the copy saved before th e  a l te r a t io n .  Thus, i f  one DEFORMed 
an o b jec t by m istake, he could push B4 and re tu rn  to  the s ta te  ju s t  
p r io r  to  the pushing of the  DEFORM b u tto n , Bl.
Draw Mode
This mode is  fo r DRAWing and adding to  3-D o b jec ts .
SET-DRAW* (Bl) — Depression of Bl c rea te s  an " e la s t ic  lin e"  
o f which the s ta tio n a ry  end is  given the  cursor coord inates a t  the 
time of depression . The o th er end of the  " e la s t ic  lin e"  i s  the cu rren t 
cu rso r p o s itio n . Thus, the lin e  follows the cursor u n t i l  Bl i s  
re lea sed , a t  which time the lin e  becomes fix ed  in  space (Fig. 13). 
Connected lin e s  are drawn by "touching" an e x is tin g  vertex  before 
p ress in g  Bl. Unattached lin e s  or groups o f l in e s  are considered as 
new o b je c ts . However, any new l in e  or group of l in e s  which a re  DRAWn 
"touching" an e x is tin g  o b jec t become p a r t  o f th a t  o b je c t unless 
s p e c if ic a l ly  designated  otherw ise by p ress in g  B4. Thus, two cubes
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connected by a l in e  could be th ree  sep ara te  o b je c ts , two sep ara te  
o b je c ts , or a l l  one o b jec t.
TRACK* (B2) — This i s  a continuous form of SET-DRAW wherein 
a l in e  may be drawn each time a frame i s  d isp layed . The l in e  is  
drawn from the p o s itio n  of the cursor a t  the end of a frame or a 
sp ec ifie d  number o f frames to  the p o s itio n  of the  previous l in e .  Thus, 
as long as B2 i s  depressed, an observer can DRAW 3-D curves made up of 
s tr a ig h t  l in e  segments (Fig. 19). The length  of the lin e s  i s  governed 
by the speed of the o b se rv e r 's  motion and the re fre sh  r a te  of the 
d isp lay .
END, END, SET/FUSE (B3) — A lin e  segment i s  sp e c if ie d  by 
"touching" each end of i t  and p ress in g  B3. A fter a l in e  is  thus 
sp e c if ie d , the lin e  i t s e l f  can be "touched" and by p ress in g  B3 again 
a new v ertex  w ill  appear on the l in e .  I f  B1 is  pressed  a f te r  the 
sp e c ifie d  l in e  has been "touched," the observer can DRAW from th a t  
p o in t. The lin e s  DRAWn w il l  become p a r t  o f the o b jec t con tain ing  the 
sp e c ifie d  l in e  segment.
ERASE* (B4) — By successive ly  "touching" each end of a l in e  
segment and p ress in g  B4, a l in e  segment w ill  d isappear. By holding B4 
down and c a re fu lly  re tra c in g  a curve crea ted  by TRACK, the whole curve 
w ill  d isappear. B4 a lso  serves as an o b jec t te rm inato r when pushed 
immediately follow ing a DRAW command.
Tinker Toy Mode
This mode is  fo r m anipulating and connecting e x is tin g  o b jec ts .
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TRANSLATE* (Bl) — I f  B1 is  pressed  while one is  "touching" 
a v ertex , the o b jec t o r ob jec ts  to  which the vertex  belongs follow the 
cu rso r. When Bl i s  re le a se d , the  o b jec t again remains s ta tio n a ry . One 
can use th is  to  s ta t io n  ob jec ts  in  the  room or to  connect ob jec ts  
to g e th e r. Two ob jec ts  thus connected, however, remain s tru c tu r a l ly  
sep ara te  and can be disconnected simply by TRANSLATEing one away from 
the o th e r.
ROTATE (B2) — ROTATE i s  a tw o-step command. The f i r s t  
depression  of B2 defines an o rig in  about which ro ta tio n  occurs. I f  a 
vertex  i s  w ith in  the " se n s itiv e  cube" as B2 is  pressed  a second tim e, 
a vector is  crea ted  from th a t  vertex  to  the p rev iously  defined o r ig in .
As long as B2 is  held  down, th a t  vec to r w il l  be ro ta te d  each frame to  
coincide w ith the vec to r from the  wand cursor to  the o r ig in . Each 
time the  vector i s  ro ta te d , a l l  the o th er vectors from the o rig in  to  
a l l  the o th e r v e r tic e s  of the in d ica ted  o b jec t w ill  be ro ta te d  an equal 
amount.
FUSE (B3) — Once o b jec ts  are connected by TRANSLATE, DRAW, 
DEFORM, e t c . , the  v e r tic e s  common to  two or more o b jec ts  may be "touched" 
and FUSEd by depressing  B3. At th is  time a re v e rs ib le  s tr u c tu ra l  
change in  lo c a l coordinates occurs such th a t  the o b jec ts  behave as one. 
The new lo c a l coordinate o r ig in  is  an average of previous lo ca l o r ig in s .
UNFUSE (B4) — A fter "touching" the FUSEd v e r tic e s  mentioned 
above, one can cause the o b jec ts  to  assume th e i r  sep ara te  id e n ti ty  by 
pushing B4. UNFUSE has no e f fe c t  when applied  to  a v ertex  which was 
not p rev iously  FUSEd.
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Motate Mode
This mode is for imparting a continuous motion to objects.
AXIS, AXIS, GO, STOP (Bl) — This fo u r-s tep  command w ill  
allow an observer to  define an a rb i tr a ry  ax is o f ro ta tio n  w ith two 
pushes of Bl. The th i rd  push i s  made when "touching" an o b jec t 
d estin ed  to  ro ta te  about th is  ax is . Any ro ta tin g  o b je c t may be stopped 
by "touching" i t s  ax is and depressing  Bl a fourth  tim e. Stopping in  
th is  manner cannot occur a f te r  the f i r s t  or second s tep  of th is  
sequence b u t can occur a t  any o ther tim e.
REVERSE (B2) — By "touching" an end of i t s  ax is  o f ro ta t io n ,  
any o b je c t can be made to  reverse  i t s  d ire c tio n  of ro ta tio n  w ith no 
change in  i t s  f in a l  angular v e lo c ity . Pushing B2 w ithout "touching" 
the ax is  w ill  cause a re v e rsa l in  th e  d ire c tio n  of the o b jec t whose 
ax is  was most re c en tly  "touched."
ACCELERATE (B3) — In a manner s im ila r  to  B2, B3 in te ra c ts  
w ith ro ta tin g  o b jec ts  to  in crease  th e i r  angular v e lo c ity . V elocity  
w ill  in c rease  a t  a steady r a te  while B3 i s  depressed and w il l  be 
m aintained a t  a constan t le v e l upon re le a se  o f B3.
DECELERATE (B4) — This works id e n tic a l ly  to  B3 w ith the 
obvious exception th a t  i t  reduced angular v e lo c ity .
Extensions allow in te ra c tio n  by p o in tin g  in s tead  of ju s t  by 
"touch ing ." The th re e  extensions now appearing on the w all ch a rt (Fig. 16) 
a re  explained below.
ZOT* — This allows an observer to  p o in t to  a v ertex  and 
cause the cursor to  a tta c h  i t s e l f  to  th a t  vertex  re g a rd le ss  of how fa r
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away the vertex  i s .  The po ten tiom eter determ ines whether the cursor 
is  to  leave the v ic in i ty  o f the wand and move to  a vertex  or whether i t  
is  to  leave the v e rtex  and a ttach  once more to  the wand. Wand motion 
i s  not am plified  when the  cursor i s  a ttached  to  a v ertex . That i s ,  i f  
an observer were DEFORMing an o b jec t fiv e  fe e t  away, a one inch move­
ment of the wand would cause a deform ation of only one inch to  the 
o b je c t.
ZOOM — With the  s l id e  sw itch up, an observer can p o in t to  
any v ertex  of an o b jec t and cause the  o b jec t to  move toward or away 
from him w ith the  po ten tiom eter. The motion is  along the v ec to r from 
the r ig h t  eye to  the cu rso r. Once th e  o b jec t has been in d ica ted  by 
p o in tin g  a t  a v e rtex , i t  i s  not necessary  to  continue p o in tin g  a t  th a t  
vertex  or even a t  the o b jec t.
SCALE — Very s im ila r ly  to  ZOOM, SCALE allows one to  in d ic a te  
an o b je c t by p o in tin g  and to  in crease  o r decrease i t s  s iz e  by tu rn in g  
the po ten tiom eter.
APPENDIX B 
SORCERER'S APPRENTICE DATA STRUCTURE
The dual-copy da ta  s tru c tu re  used in  S o rc e re r 's  Apprentice contains 
two copies of each o b je c t to  be d isp layed , one in  lo ca l coordinates and 
one in  room coord inates (Fig. 14 ,15). The lo ca l coordinate copy 
contains the topology and the  room coordinate  copy serves as a d isp lay  
f i l e .  The two copies are linked  in  the lo ca l to  room d ire c tio n  by the 
o b jec t p o s itio n  m atrix  which defines the  o b je c t 's  p o s itio n  w ith rep se c t 
to  the room and by a hash addressing  scheme. In  the  o th er d ire c tio n  the 
lin k  is  through p o in te rs  and through the inverse  o b jec t p o s itio n  
m atrix  (Fig. 20).
In  lo ca l co o rd in a tes , each o b jec t i s  l i s t e d  in  an o b je c t ta b le  
(Fig. 21). O bjects are id e n t i f ie d  by a number which a lso  serves as an 
index to  th is  ta b le . For each o b je c t, the ta b le  contains the address 
o f an o b jec t block.
O bject blocks contain  th a t  inform ation p e r t in e n t to  a sp e c if ic  
o b je c t. This includes the  ro ta tio n a l  and t r a n s la t io n a l  inform ation 
used in  the o b je c t p o s itio n  m atrix  and the sc a lin g  inform ation which, 
fo r convenience of the  MOLD command, i s  sep ara te  fo r X, Y, and Z. These 
blocks a lso  con ta in  p o in te rs  to the f i r s t  and l a s t  elements in  a chain 
o f room coordinate p o in t blocks and a p o in te r  to  the f i r s t  element of 
the lo c a l l in e  block chain. These two chains lin k  a l l  p o in ts  and lin e s  
belonging to  an o b je c t. For convenience o f the FUSE command, forward 
and backward p o in te rs  e x is t  which lin k  FUSEd o b jec ts ; fo r  l a t e r  UNFUSEing, 
the lo ca tio n  of an o b je c t 's  cen te r r e la t iv e  to  the cen ter of the 
conglomerate o b jec t i s  saved.
■ LOCAL ' LOCAL
OBJECT OBJECT LINE POINT
Each unique l in e  and each unique p o in t of a o b jec t are s to red  
in  lo ca l coordinate  l in e  and p o in t blocks (Fig. 21). Local l in e  blocks 
contain  p o in te rs  to the lo c a l p o in t blocks where the X, Y, and Z values 
are  a c tu a lly  s to re d . They a lso  p o in t in  chain fash ion  to  each o ther 
and have an "ERASEd?" marker. This marker i s  merely an in d ic a tio n  
th a t  a l in e  segment has been ERASEd and a cue fo r the program to  
e lim inate  the l in e  the next time the o b jec t i s  m u ltip lied  by i t s  
o b jec t p o s itio n  m atrix .
Transform ation form lo ca l to  room coordinates i s  done by m ultip ly ing  
the lo ca l [X, Y, Z] vecto r by the o b je c t p o s itio n  m atrix . The re su lt in g  
room coordinate X, Y, and Z values are summed, tru n c a ted , and then 
divided by the p o in t index ta b le  leng th . The remainder i s  the hash 
code and is  used as an index to  the p o in t index ta b le  (Fig. 22). This 
ta b le , re fe r re d  to  as the " s c a tte r  index tab le"  in  an a r t i c le  by 
Morris [15], d ire c ts  the random hash code to  a seq u en tia lly  formed chain 
of room coordinate p o in t b locks.
Room p o in t b locks, un like  lo ca l p o in t b locks, contain  p o in te rs  to 
the room coordinate X, Y, and Z values ra th e r  than contain ing  the 
ac tu a l values. The values are  s to red  in  the d isp lay  f i l e .  Another 
d iffe ren ce  is  th a t  room p o in t blocks are not n ecessa rily  unique fo r a 
given o b jec t. That i s ,  i f  a p o in t, e .g . ,  the vertex  of a cube, i s  
a ttached  to  th ree  lin e  segments in  an o b je c t, i t  w il l  have th ree  
sep ara te  room p o in t blocks bu t only one lo ca l p o in t block. Room p o in t 
blocks contain  im p lic it  l in e  inform ation in  th a t  the blocks are always 
crea ted  in  l in e  segment p a ir s .  This manner o f c rea tio n  was used so 
the d isp lay  f i l e  would meet the requirem ents o f the d isp lay  f i l e  p ro ­
cessor which is  l in e  segment o rie n te d .
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Room p o in t blocks con tain  th e  many p o in te rs  necessary to  make 
the dual-copy da ta  s tru c tu re  f a s t  enough fo r re a l  time ap p lic a tio n s . 
R eferring  again to  Figure 22, the  DF p o in te r  p o in ts  to  the ac tu a l 
X, Y, and Z data in  the d isp lay  f i l e .  The PIT p o in te r  contains the 
hash code of the p o in t and th e re fo re  i s  a back p o in te r  to  the p o in t 
index ta b le .  This p o in te r  is  used to  ge t to  the top of a chain of 
p o in ts  having the same hash code. A ll p o in ts  having the same value 
are linked , as are a l l  those having th e  same hash code. A convenient 
way to  v isu a liz e  th is  i s  to  th ink  of a chain o f "same hash" b locks, 
each having the p o s s ib i l i ty  o f being th e  f i r s t  element o f a "same 
value" chain . Other p o in te rs  lin k  a l l  p o in ts  w ith in  a given o b jec t 
and a l l  p o in ts  cu rren tly  being ELONGATEd. The ELONGATE p o in te rs , o f 
course, e x is t  only during the  a c t of e longating  and are otherw ise 
empty. An o b jec t number id e n t i f ie s  the o b jec t to  which th e  p o in t 
belongs. Two f in a l  p o in te rs , the LLB and LPB p o in te rs , lin k  a p o in t 
in  room coord inates w ith i t s  lo ca l l in e  block and lo c a l p o in t block 
co u n te rp a rts . These a lso  serve to  id e n tify  a s p e c if ic  p o in t during 
the "touch" operation  and to  guarantee th a t  a p o in t transform ed from 
room to  lo c a l coordinates w ill  map to  i t s e l f  when the transfo rm ation  
from lo c a l to  room coordinates i s  performed.
The in s tru c tio n  f i l e  contains inform ation used by the  d isp lay  f i l e  
p rocessor in  d isp lay in g  the  l in e  segments defined  in  the d isp lay  f i l e .  
In s tru c tio n  f i l e  commands come in  p a ir s ,  the f i r s t  t e l l in g  how many 
lin e  segments to  draw and the second t e l l in g  where da ta  fo r the  lin e  
segment se r ie s  beg ins. Thus, i t  is  p o ss ib le  to  d isp lay  two lin e  
segments with one end p o in t in  common by re fe ren c in g  only th ree  
consecutive p o in ts  in  the  d isp lay  f i l e  and one in s tru c tio n  p a ir  in
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Fig . 22: D eta il o f room coordinate  p o rtio n  o f da ta  s tru c tu re .  The p o in te rs  
show a p o ss ib le  co n fig u ra tio n  fo r  d isp lay ing  two connected l in e  segments, both 
belonging to  o b jec t number one.
the in s tru c t io n  f i l e .  However, fo r the purposes o f S o rc e re r 's  A pprentice, 
each in s tru c t io n  f i l e  p a ir  w il l  allow only one lin e  segment to  be drawn, 
causing the d isp lay  f i l e  p rocessor to  re ference  four d isp lay  f i l e  
p o in ts  and two in s tru c tio n  f i l e  p a ir s  fo r the two lin e  segments ju s t  
mentioned. This le s s  e f f ic ie n t  method of d isp lay ing  was chosen because 
i t  makes t r i v i a l  the ac tio n  of the ERASE command. E rasing is  done by 
having the  f i r s t  o f th e  ERASEd in s tru c t io n  p a ir  "jump" co n tro l to  the 
next in s tru c t io n  p a ir  and by marking the "ERASEd?" box of the  ap p rop ria te  
lo c a l p o in t block (Fig. 21).
Storage requirem ents fo r the  dual-copy da ta  s tru c tu re  are  h igh.
In  ad d itio n  to  the number o f 36 b i t  words fo r the o b jec t ta b le ,  the 
o b jec t b locks, and the p o in t index ta b le ,  each l in e  segment req u ires  
from 18 to  24 words. Also, since  the o b je c t ta b le ,  d isp lay  f i l e ,  and 
in s tru c t io n  f i l e  da ta  need to  be consecutively  arranged, these  th re e  
f i l e s  are  p redefined  and not taken from a free  s to rage s tru c tu re  as 
are the various o b je c t, l in e ,  and p o in t b locks. However, w ith the 
high-speed hardware not function ing , the computing system has fa r  more 
memory than d isp lay  speed. I f  memory s iz e  was a problem, a "garbage 
co lle c tin g "  scheme could be added to  make use of the space now made 
av a ila b le  by ERASEing a l in e .
Public credit should be given to the many associated with the 
Sorcerer's Apprentice project. Those most involved were Chris Cutler 
and Marlin Shelley whose ideas and assistance in both software and 
hardware have been invaluable. Mike Archuleta wrote the clipping 
divider simulator, Mike Mladejovsky designed the "puppet" tracking 
system, and Mike Milochik helped with the photographs. Jim Callan of 
Evans and Sutherland Computer Corporation provided the data for the USA 
map.
Sincere thanks goes to Dr. Ivan Sutherland who helped formulate 
the Sorcerer's Apprentice concept and provided encouragement and 
guidance along the way.
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